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Abstract

The German Commission for the Investigation of Health Hazards of Chemical Compounds in the Work Area
has evaluated methylarsenic compounds considering all toxicological endpoints. Available publications and
unpublished study reports are described in detail.

Methylarsenic compounds are the carcinogenic metabolites of arsenic and its inorganic compounds, which are
proven human carcinogens. Methylated arsenic compounds are able to interfere with all important cellular
processes. In mice and rats, dimethylarsinic acid was clearly carcinogenic. Trimethylarsine oxide caused liver
adenomas in F344 rats and with methylarsenic acid, preneoplastic liver effects were found. If all aspects are
considered, methylarsenic compounds are classified in Carcinogen Category 1. Methylarsenic compounds are
genotoxic in vitro and in vivo. As they are bioavailable and can reach the germ cells, they are classified in Cat-
egory 3 A for Germ Cell Mutagens. Methylarsenic compounds are genotoxic carcinogens, for which no safe
systemic exposure can be estimated. It must be assumed that even small amounts absorbed percutaneously
increase the carcinogenic risk. Therefore, methylarsenic compounds are designated with an “H” (for substanc-
es that can be absorbed through the skin in toxicologically relevant amounts). Dimethylarsinic acid induced
developmental toxicity in rats. Apart from a well-documented case report, there are no clear findings available
to conclude a skin-sensitizing potential in humans.
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This documentation is based on reviews of the toxicological profile of methylarse-
nic compounds, for example documentation from the Agency for Toxic Substances
and Disease Registry (ATSDR 2007) and a report by the International Agency for
Research on Cancer (IARC 2012).

Methylarsonic acid and dimethylarsinic acid and their salts were widely used as
pesticides and herbicides. Nowadays, most of these applications are diminishing or
prohibited in Europe.

In 2009, the US Environmental Protection Agency (US EPA) published a product
cancellation order whereby the application of organic arsenic pesticides was to be
discontinued by 2013 at the latest. However, the herbicide sodium methylarsonate
used against broad-leafed weeds is exempt from this regulation, and will continue
to be authorized for use in the case of cotton. Disodium methylarsonate, which has
commonly been applied to cotton fields in small quantities, has, however, become
prohibited (US EPA 2009).

Methylarsonous acid (CH;As(OH),) is produced for example in the form of an
aqueous solution from methyloxoarsine (CH;AsO) or diiodomethylarsine (CH;Asl,),
and dimethylarsinous acid ((CH;),AsOH) from iododimethylarsine ((CHs),AsI)
(Schwerdtle et al. 2003 a).

In humans and animals, methylated organic arsenic compounds are formed during
the metabolism of inorganic arsenic compounds (see Section 3.2).

1 Toxic Effects and Mode of Action

Methylarsenic compounds can be absorbed by inhalation, ingestion, or through the
skin. After oral administration of methylarsonic acid or dimethylarsinic acid, in rats
and mice more than 80% of the dose is absorbed, subsequently distributed to the
bladder, kidneys, lungs, liver, spleen, intestine and testes and then rapidly eliminat-
ed, above all with the urine. In rats, accumulation in the erythrocytes has been
demonstrated.

Methylarsenic compounds are converted by methylation into higher dimethy-
larsenic or trimethylarsenic compounds or even thiomethylarsenic compounds.
More than 80% of the methylarsonous acid is methylated to form dimethylarsinic
acid, about 10% of the methylarsonic acid to dimethylarsinic acid, about 40% of di-
methylarsinic acid to trimethylarsine oxide and about 2% of the trimethylarsine ox-
ide to the tetramethylarsonium ion.

In humans, single exposures to methylarsenic compounds can cause nausea,
stomach cramps, headaches, dizziness, paralysis, irregular breathing and uncon-
sciousness. Irritation of the skin and eyes and also itchy skin eruptions have been
described.

In experiments with animals, the symptoms of acute intoxication are restricted
motility, laboured breathing, and haemorrhages in the stomach, intestine, caecum,
lungs and kidneys.

After oral administration for 8 weeks, dimethylarsinic acid doses of about
1.5 mg/kg body weight and day and above produced dose-dependent proliferation
of the cells of the urothelium of the bladder in rats, and doses of 3.5 mg/kg body
weight and day and above led to a significantly increased incidence of alveolar and
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papillary adenomas in mice after 50 weeks. In various initiation—promotion studies
with rats and mice, methylated arsenic compounds caused preneoplastic changes
or tumours in the bladder, liver, kidneys or lungs. Methylarsenic compounds are
tumour promotors.

In rats, carcinogenic effects were observed in the bladder after dietary administra-
tion of dimethylarsinic acid doses of about 2.5 mg/kg body weight and day (males)
and about 5 mg/kg body weight and day (females). Trimethylarsine oxide adminis-
tered with the drinking water caused a significant increase in liver adenomas in
male rats after two years. After treatment with methylarsonic acid, preneoplastic
lesions such as hyperplasia were found in the liver at 2 mg/kg body weight and day
and above and glutathione S-transferase placental form positive foci were demon-
strated at 8 mg/kg body weight and day.

Methylarsenic compounds are not mutagenic in bacteria. In mammalian cells,
they cause oxidative DNA damage, inhibition of DNA repair, chromatid and chro-
mosome damage, and aneuploidy. In F344 rats, oxidative DNA damage in the liver
has been demonstrated, and in CD1 mice, DNA strand breaks in the lungs and an-
euploidy in the bone marrow occur. In Muta™ mice, point mutations are found in
peripheral reticulocytes, the lungs, liver, bladder and bone marrow, and also micro-
nuclei in peripheral reticulocytes.

After mating with male mice treated with sodium methylarsonate (12 mg/kg body
weight and day), some of the untreated females were without offspring. Pre-implan-
tation losses occurred in rats at dimethylarsinic acid doses of 12 mg/kg body weight
and day, and post-implantation losses, skeletal variations and delayed ossification in
the development of the sternum, skull and tail bones at 36 mg/kg body weight and
day and above.

2 Mechanism of Action
2.1 Effects on cellular macromolecules

Oxidative damage

A major cause of arsenic toxicity is the impairment of cellular redox homoeostasis
as a result of the induction of oxidative stress and the interaction of arsenic with
specific proteins responsible for the maintenance of genomic stability and cellular
redox regulation (Hartwig 2013).

Oxidative stress is caused by the increased formation of reactive oxygen or nitro-
gen compounds and leads to damage to proteins, lipids and DNA. Free radicals
such as dimethylarsenic peroxyl radicals, superoxide anion radicals or hydroxyl
radicals, or also peroxinitrite, are held responsible for the effects of methylated ar-
senic compounds (Dopp et al. 2010 b; Eblin et al. 2006; Hartwig and Schwerdtle
2009; Kinoshita et al. 2007 a, b; Schwerdtle et al. 2003 a; Shi et al. 2004; Tennant and
Kligerman 2011; Yamanaka et al. 2003, 2009).

Arsenic compounds impair the redox homoeostasis by reducing the intracellular
glutathione concentration (Kitchin 2001; Leffers et al. 2013 a). This can take place by
the formation of a complex with the thiol group of glutathione and subsequent deg-
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radation of the glutathione, as a consequence of glutathione consumption during
arsenic metabolism or by affecting glutathione-dependent enzymes (Chouchane
and Snow 2001; Styblo et al. 1997).

In rat liver cells (RLC-16) the formation of reactive oxygen species took place in
different organelles depending on the methylarsenic compound used. The target
organelles for methylarsonous acid are the mitochondria. As a result of the inhibi-
tion of complex II and complex IV of the respiratory chain, increasing amounts of
reactive oxygen species are formed (Naranmandura et al. 2011 a). By comparison,
dimethylarsinous acid stimulates the formation of reactive oxygen species in the
endoplasmic reticulum (ER) by increasing phosphorylation of the protein-ki-
nase-like ER-kinase (Naranmandura et al. 2012).

Interaction with thiol groups

Another fundamental mechanism of the toxicity of arsenic is its interaction with
thiols. Because of their high affinity, methylated arsenic compounds are able to bind
readily to thiol groups, thereby oxidizing or complexing them. Generally, trivalent
arsenic compounds such as methylarsonous acid demonstrate a greater affinity to
dithiols or trithiols than to monothiols (Beyersmann and Hartwig 2008; Kitchin and
Wallace 2008; Shi et al. 2004). In proteins, this oxidation can produce conformation
changes and loss of function (Naranmandura et al. 2012).

Depending on the initial compound, potentially toxic intermediates such as oxy-
gen or sulfur radicals can be formed at the intracellular level, for example by the
direct transfer of electrons of non-protein-thiols, such as glutathione and cysteine
(Yao et al.2008).

Changes to zinc-binding proteins

Zinc-binding structures, including so-called “zinc fingers’, are one of the factors
responsible for interactions with DNA and RNA or for protein/protein interactions
and are found in replication, transcription and translation factors, DNA repair pro-
teins or also in proteins participating in metabolism and in the regulation of the cell
cycle and apoptosis (Laity et al. 2001; Krishna et al. 2003; Piatek et al. 2008). Their
common structural element is a zinc ion, which is complexed by invariant cysteine
or histidine residues and ensures correct protein folding. Owing to its high affinity
to thiols, the zinc finger structure constitutes a molecular site of attack for the or-
ganic arsenic compounds methylarsonous acid and dimethylarsinous acid. In the
zinc finger peptide of XPA (XPAzf), a component of the nucleotide excision repair
complex, in which zinc is complexed via four cysteine residues, methylarsonous
acid produced a complex while releasing the zinc ion, which contained either two
molecules or only one molecule of methylarsonous acid (Piatek et al. 2008). In ad-
dition, the tumour suppressor protein p53, which binds zinc with three cysteines
and one histidine (Levine 1997), can be impaired by methylated trivalent arsenic
compounds and consequently can no longer exert its important function as regula-
tor of the cell cycle or inducer of apoptosis (Shen et al. 2008).

Also the reactive oxygen and nitrogen species generated by the organic arsenic
compounds can, via oxidation of the thiol groups of the zinc finger, result in the
formation of disulfide bridges, and thus to a loss of function of the protein.
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2.2  Effects on cellular regulation mechanisms

Methylated arsenic compounds affect the signal transduction of cells (Beyersmann
and Hartwig 2008; Eblin et al. 2007; Kumagai and Sumi 2007), for example via the
induced reactive oxygen and nitrogen compounds, which are able to interfere with
signal transduction chains as secondary messengers (Brigelius-Flohé and Flohé
2011; D’Autreaux and Toledano 2007; Giles 2006; Ray et al. 2012). In addition, there
are some redox-regulated signal pathways which are controlled by the reversible
oxidation and reduction of the thiol groups. The intracellular redox status therefore
appears to be decisive for the correct functioning of many enzymes, and changes in
redox status act as a signal transduction mechanism (Hartwig 2013).

The reactive species induced by methylated arsenic compounds are able to change
various signal cascades and to interfere in cellular signal transduction via mito-
gen-activated protein kinases (MAPK), p38, c-Jun N-terminal kinase 3 (JNK3)
(Namgung and Xia 2001) and transcription factor AP-1 or NF«B (Leonard et al.
2004).

Cellular signal transduction can also be disturbed by effects on calcium homoeo-
stasis. Ca’* ions are the major messenger substances of various signal transduction
cascades. Arsenic compounds induce an increase in the cytosolic Ca*" concentra-
tion. The increased release of Ca** ions, for example from HeLa-S3 cells, was found
for various methylated arsenic compounds, such as methylarsonic acid, dimethylar-
sinic acid and trimethylarsine oxide. It was not clarified whether this Ca** release
was an energy-consuming process, or occurred as a result of changes in other ion
transporters (Florea et al. 2005). Even slight changes in the intracellular Ca®* con-
centration can cause changes in cell proliferation or cell differentiation or lead to
the modulation of apoptosis (Orrenius et al. 2003). By impairing Ca* homoeostasis,
methylated arsenic compounds are also able to interfere with other important pro-
cesses, such as transmitter and hormone release, DNA repair, gene expression and
DNA replication.

2.3  Genotoxicity

Oxidative damage to DNA

Oxidative DNA damage is induced by free radicals produced from the reactions of
methylated arsenic compounds with molecular oxygen (dimethylarsenic peroxyl
radical or superoxide anion radical) (Eblin et al. 2006; Nesnow et al. 2002; Schwerdtle
et al. 2003 a; Yamanaka and Okada 1994; Yamanaka et al. 1989, 1991, 2001), iron
(Ahmad et al. 1999, 2000, 2002) or nitrogen (Bau et al. 2001; Wang et al. 2007) or by
modulation of the NO synthases (Kumagai and Pi 2004; Kumagai and Sumi 2007; Li
et al. 2007).

The main reactive oxygen compounds participating in DNA damage are hydroxyl
radicals, singlet oxygen (*O,) and single-electron oxidants. The hydroxyl radical is
capable of producing single strand breaks as the result of hydrogen abstraction
from 2-deoxyribose residues (Aydogan et al. 2002; Chan et al. 2010; Dedon 2008;
Hartwig 2013; Pogozelski and Tullius 1998). Singlet oxygen reacts particularly with
guanine with the formation of 8-oxo0-7,8-dihydroguanine (8-oxoguanine), without
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thereby inducing the formation of further reaction products (Cadet et al. 2008). If
the oxidized DNA bases induced by methylated arsenic compounds, for example
8-oxoguanine (Schwerdtle et al. 2003 a), are not repaired, G:C—T:A transversions
can occur (Moriya 1993).

Indirect genotoxic effects

The interaction of organic arsenic compounds with different proteins or genes es-
sential for the repair of damaged DNA is one of the factors responsible for indirect
genotoxic effects.

Examples for the inhibition of DNA repair proteins are found in the effects of
methylated arsenic compounds on the human xeroderma pigmentosum protein A
(XPA) involved in nucleotide excision repair (NER) or on the formamidopyrimidine
DNA glycosylase (Fpg) participating in base excision repair (BER) and originating
from Escherichia coli (Schwerdtle et al. 2003 a, b) or 8-oxoguanine DNA glycosylase
(Ebert et al. 2011) and on poly(ADP-ribosyl)ation (Ebert et al. 2013), which is cata-
lysed mainly by the zinc finger protein PARP-1 (Hartwig et al. 2003 a, b; Walter et al.
2007).

Changes in DNA methylation characterize nearly all tumour types and are accom-
panied by changes in histone acetylation and the expression of the associated genes
(Jones et al. 1998; Neuhausen et al. 2006; Salem et al. 2000). Organic arsenic com-
pounds can produce modifications in histone acetylation and change DNA meth-
ylation. This was demonstrated after treatment with methylarsonous acid in human
urothelial cells in the histone H3 and as a result of DNA hypermethylation in hypo-
acetylated promoters (Jensen et al. 2008) as well as after the administration of meth-
ylarsonic acid or dimethylarsinic acid in homozygous Tg.AC mice (Xie et al. 2004).
Changes in the DNA methylation pattern are explained by a changed S-adenosyl
methionine pool or the down regulation of DNA methyltransferases (IARC 2012).

As a result of an increase in the formation of so-called “micro-RNA a class of
RNA not coding proteins, methylated arsenic compounds can inhibit the expres-
sion of regulator genes via binding to the corresponding mRNA and their subse-
quent degradation (Ren et al. 2011).

Among the indirect genotoxic effects are also changes in the expression of genes
of specific DNA repair proteins. Methylated arsenic compounds thus cause a re-
duction in xeroderma pigmentosum protein C (XPC) expression, which is a major
damage recognition protein in nucleotide excision repair (Nollen et al. 2008).

24 Carcinogenicity

The mechanisms described above are held responsible for the carcinogenicity of
methylarsenic compounds; these include the induction of oxidative stress, the im-
pairment of DNA repair processes, changes in DNA methylation patterns, the
modulation of gene expression, increased cell proliferation, the inhibition of p53
and interactions with cellular redox regulation. An important role is attributed to
the epigenetic mechanisms such as changes in DNA methylation, histone modifica-
tion and microRNA expression.
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2.5 Effect size of various organic arsenic compounds

In most studies, the toxicity of methylarsonous acid and dimethylarsinous acid was
greater than that of inorganic arsenite or methylarsonic acid or dimethylarsinic
acid, as has been found in studies of cytotoxicity in Chang hepatocytes (ATCC
CCL-13) (Petrick et al. 2000; Styblo et al. 2000), or that of the formation of radicals
in human urothelial cells and primary human hepatocytes (Dopp et al. 2008), or of
DNA damage in plasmids (Andrewes et al. 2003) or HeLa-S3 cells (Schwerdtle et al.
2003 a) or that of the clastogenic effects in human lymphocytes (Kligerman et al.
2003), or the induction of apoptosis in leukaemia cells (Chen et al. 2003) or the
proliferation of keratinocytes (Mudipalli et al. 2005).

The explanation for the higher toxicity of methylarsonous acid and dimethylarsin-
ous acid compared with that of methylarsonic acid and dimethylarsinic acid, for
example in the inhibition of glutathione reductase (Chouchane and Snow 2001) or
thioredoxin reductase (Lin et al. 1999) or in proteins and peptides, such as the bac-
terial formamidopyrimidine-DNA glycosylase (Fpg) (Schwerdtle et al. 2003 a),
XPAzf (Schwerdtle et al. 2003 b) or poly(ADP-Ribose)polymerase-1 (PARP-1)
(Walter et al. 2007), could be that the first-mentioned compounds are present main-
ly in uncharged form, whereas the latter two compounds are charged and can there-
fore be absorbed less easily by cells (Styblo et al. 1999). Methylarsonous acid and
dimethylarsinous acid are able to pass the cell membranes of the urinary epitheli-
um, Chinese hamster ovary and liver more effectively than methylarsonic acid and
dimethylarsinic acid (Dopp et al. 2005, 2010 a, b). In addition, methylarsonous acid
and dimethylarsinous acid are able to release the zinc ions from zinc finger proteins
more effectively and at very much lower concentrations (Piatek et al. 2008;
Schwerdtle et al. 2003 b), thus resulting in major functional disorders.

Organic thioarsenic compounds are considerably more toxic than methylarsonic
acid and dimethylarsinic acid (Bartel et al. 2011; Suzuki et al. 2010) or similar in ef-
fect (Naranmandura et al. 2009; Ochi et al. 2008) or more effective than dimethylar-
sinous acid (Naranmandura et al. 2011 b) as, due to their high bioavailability (Leffers
etal. 2013 a, b; Naranmandura et al. 2007 a), they are very well absorbed at the intra-
cellular level and then reduced mainly to dimethylarsinous acid (Naranmandura
etal. 2012).

The lower toxicity of methylarsonic acid in the whole organism could also be at-
tributed, with the exception of the cellular mechanisms, to more rapid elimination
(Hughes et al. 2005).

3 Toxicokinetics and Metabolism

3.1 Absorption, distribution, elimination
3.1.1  Absorption

Inhalation

In view of the systemic effects in animal studies, methylarsenic compounds can be
assumed to be absorbed by inhalation (see Section 5.2.1).

The MAK Collection for Occupational Health and Safety 2018, Vol 3, No 2
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Oral administration

Organic arsenic compounds are absorbed by humans particularly through the con-
sumption of sea fish, crustaceans and shellfish or the seaweed used in sushi dishes
(WHO 2001). Here, arsenobetaine and arsenocholine make up the greatest portion,
followed by dimethylarsinic acid, trimethylarsine and trimethylarsine oxide
(UBA 2003, 2004).

Monomethylarsenic compounds

In B6C3F1 mice the bioavailability of methylarsonic acid was found to be dose-de-
pendent: 81% was absorbed after oral administration of 0.4 mg methylarsonic
acid/kg body weight, compared with 60% after 4 mg methylarsonic acid/kg body
weight (Hughes et al. 2005).

Dimethylarsenic compounds

More than 80% of the dimethylarsinic acid orally administered to rats and mice
was absorbed by the gastrointestinal tract (Vahter et al.1984).

In rats, after intratracheal instillation, 92% of the administered dimethylarsinic
acid dose was absorbed with a half-time of 2.2 minutes. After gavage administra-
tion, the amount absorbed was 66% with a half-time of 248 minutes (Stevens et al.
1977).

The uptake of orally administered *C-labelled dimethylarsinic acid was dose-de-
pendent in mice, as was found in the blood, lungs, liver, kidneys, bladder and urine
after doses of 0.6 or 60 mg arsenic/kg body weight after 12, 30 or 60 minutes and
also after 2, 4, 8, 12 or 24 hours (Hughes et al. 2008).

Dermal absorption
Monomethylarsenic compounds

On the basis of a saturated aqueous methylarsonic acid solution, dermal fluxes of
87, 9.0 and 21 pg/cm? and hour, respectively, can be calculated using the models of
Fiserova-Bergerova et al. (1990), Guy and Potts (1993) and Wilschut et al. (1995).
After the exposure of both hands and forearms (about 2000 cm?) for one hour, this
would correspond to the absorption of 175, 19 and 42 mg methylarsonic acid, re-
spectively.

Dimethylarsenic compounds

Using a Franz diffusion cell, an absorption rate of 0.054 pug arsenic/cm? and hour
(0.099 pg dimethylarsinic acid/cm? and hour) was obtained with dimethylarsinic
acid in a concentration of 10 mg arsenic/l water (18.4 mg dimethylarsinic acid/I,
exposure for 24 hours) applied to whole skin from a female donor. Compared with
that of inorganic arsenate, the rate of dermal absorption was 59 times more rapid
(Ouypornkochagorn and Feldmann 2010).

In in vitro studies with the skin of mice (0.64 cm?), in flow-through cells contain-
ing dimethylarsinic acid (10 pg) dissolved in 20, 100 or 250 pl water, 4.77%, 3.09%
and 0.37% of the dose was recovered in the receptor fluid after exposure for 2 hours.
The pH level had no effect on absorption (Hughes et al. 1995). With the data from
the most concentrated solution (10 pug/20 pl = 500 mg/l), a flux of 0.37 pg/cm? and
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hour can be calculated. For the most diluted solution (40 mg/l), the flux is
0.029 pug/cm? and hour.

The sodium salts sodium methylarsonate and disodium methylarsonate were
investigated in a similar way. Using 10 pg sodium methylarsonate in 20, 100 and
250 ul water, 0.51%, 0.86% and 0.79% of the dose was recovered in the receptor
phase per hour. For disodium methylarsonate, the values were 0.76%, 0.83% and
0.76% per hour (Rahman and Hughes 1994). The highest percentage absorbed cor-
responds to a flux of 0.13 pg/cm?* and hour for sodium methylarsonate and disodi-
um methylarsonate.

Taking the maximum concentration for these models of 1000 g/I of an aqueous
dimethylarsinic acid solution, dermal fluxes of 2870, 470 and 635 pg/cm? and hour
are obtained with the models of Fiserova-Bergerova et al. (1990), Guy and Potts
(1993) and Wilschut et al. (1995), respectively. After the exposure of both hands and
forearms (about 2000 cm?) to the substance for one hour this would correspond to
the total absorption of 5694, 940 and 1271 mg dimethylarsinic acid, respectively.
The flux calculated with the model of Fiserova-Bergerova for the concentration
used in the study by Ouypornkochagorn and Feldmann (2010) agrees with the re-
sults obtained experimentally in this study.

3.1.2 Distribution

Monomethylarsenic compounds

In mice, methylarsonic acid is distributed rapidly throughout the body after single
oral doses. The highest concentrations in tissue were found in the bladder, kidneys
and lungs between 0.25 and 4 hours after the exposure. They were higher than the
concentration in the blood (Hughes et al. 2005). Six hours after the ingestion of
methylarsonic acid doses of 50 mg/kg body weight in hamsters, the highest con-
centrations were found in the kidneys, followed by the spleen, blood and lungs
(Yamauchi et al. 1988).

After the administration of methylarsonous acid for 26 weeks in concentrations
of 50 or 150 mg/1 drinking water (doses of about 6.25 or 18.75 mg methylarsonous
acid/kg body weight and day), the concentrations of methylarsonous acid and di-
methylarsinic acid were determined in various organs in transgenic K6/OCD mice.
As the valences of methylarsonous acid and methylarsonic acid cannot be recorded
with the analytical method used, probably the concentrations of methylarsonic acid
were determined here. In the bladder therefore, values of 0.09 and 0.53 pg meth-
ylarsonic acid/g tissue and 9.21 and 25.0 pug dimethylarsinic acid/g tissue were ob-
tained for the two doses administered, respectively. In the kidneys these values were
0.43 and 1.67 pg methylarsonic acid/g tissue and 3.77 and 6.47 ug dimethylarsinic
acid/g tissue, in the liver 0.08 and 0.62 pug methylarsonic acid/g tissue and 3.49 and
6.67 pug dimethylarsinic acid/g tissue, and in the lungs 0.40 and 1.38 pg methylarson-
ic acid/g tissue and 8.16 and 12.44 pg dimethylarsinic acid/g tissue, respectively.
When a low methionine diet was administered instead of the normal diet, the con-
centrations of methylarsonic acid and of dimethylarsinic acid were significantly re-
duced in the corresponding organs (Chen et al. 2008).
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In sheep and goats, after the ingestion of sodium methylarsonate the highest con-
centrations were determined after 5 hours in the blood. In the milk, only very small
arsenic quantities were detectable. For elimination from the blood, half-times of 23
and 17 hours, respectively, were obtained (Shariatpanahi and Anderson 1984).

Dimethylarsenic compounds

In mice, six hours after intravenous injection of "*As-dimethylarsinic acid, the
highest radioactivity was found in the lungs > kidneys > large intestine > testes >
small intestine and in the thymus and thyroid gland. The radioactivity was detect-
able for the longest in the lungs, intestinal wall, thyroid gland and the lenses of the
eyes (Vahter et al.1984).

After intravenous, intratracheal or oral administration in rats, dimethylarsinic
acid was distributed with the initially highest concentrations in the blood, muscles,
kidneys, liver and lungs. The tissue concentrations of dimethylarsinic acid decreas-
ed very rapidly. However, in whole blood, about 12% to 22% of the administered
dose was still detectable two days after intravenous, intratracheal or oral applica-
tion, indicating redistribution from the serum into the erythrocytes (Stevens et al.
1977). In F344 rats, analysis of the arsenic concentration in plasma and the erythro-
cytes after the administration of 100 mg dimethylarsinic acid/kg diet for 3 days
yielded an arsenic concentration in the erythrocytes which was 150 times higher
than that in the plasma (Lu et al. 2004).

In mice, radioactivity was detected in various organs as early as 15 minutes after
single oral doses of *C-labelled dimethylarsinic acid. After 24 hours, the radioac-
tivity in the liver was between 1% and 2% of the administered dose; in the lungs,
kidneys and bladder it was less than 0.05% (Hughes et al. 2008).

In hamsters given single oral doses, dimethylarsinic acid was distributed within
6 hours especially in the lungs, kidneys, spleen and liver, whereas the highest con-
centrations of the metabolite methylated to trimethylarsine were detected in the
lungs, liver, kidneys and spleen (Yamauchi and Yamamura 1984).

In F344 rats given 0, 4, 40, 100 or 200 mg dimethylarsinic acid/kg diet (doses of
about 0, 0.4, 4, 10 or 20 mg/kg body weight and day) for 14 days, the concentrations
of the dimethylated and trimethylated arsenic compounds increased in a dose-de-
pendent manner in the different tissues and in the urine. At the end of treatment,
the concentrations of dimethylarsenic compounds in the blood, lungs, liver and
kidneys were considerably higher than those of the trimethylarsenic compounds,
whereas the concentrations of the trimethylarsenic compounds were higher in the
bladder and urine (Adair et al. 2007).

A comparison of the distribution of dimethylarsenic compounds containing thiols
and those not containing thiols in hamsters after intravenous injection showed that
dimethylarsinic acid and dimethyldithioarsinic acid are distributed mainly in
intact form throughout the organs and body fluids, whereas dimethylarsinous
acid and dimethylthioarsinic acid are mostly bound to proteins. More than 60% of
the administered dose of dimethylarsinous acid and dimethylthioarsinic acid was
found in the muscles, liver, kidneys and lungs, but less than 4% in the erythrocytes
(Naranmandura et al. 2010).

With methylarsonous acid and dimethylarsinous acid, the considerably higher
binding affinity to rat haemoglobin compared with that to human haemoglobin (Lu
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etal. 2004) and also the more pronounced complex formation of methylarsonic acid
or dimethylarsinic acid with haemoglobin (Lu et al. 2007) were attributed to the
longer persistence of organic arsenic compounds in the blood of rats. This differ-
ence is also explained by the fact that the haemoglobin of rats contains the reactive
cysteine 13a, which is absent in humans (Lu et al. 2007).

3.1.3 Elimination

Monomethylarsenic compounds

After single oral doses of methylarsonic acid (0.5 mg arsenic), subjects eliminated
75% of the administered dose with the urine within 4 days (Buchet et al. 1981). Stud-
ies in B6C3F1 mice revealed that 8 hours after oral administration of methylarsonic
acid, 80% was eliminated in the urine and faeces. After methylarsonic acid doses of
0.4 mg/kg body weight, urinary elimination was significantly greater than at
4.0 mg/kg body weight. The terminal half-liveswere not dose-dependent: between
4.2 and 4.9 hours for the liver, lungs and blood, 9.0 hours for the bladder and 15.9
hours for the kidneys (Hughes et al. 2005). In hamsters, 24 hours after the ingestion
of methylarsonic acid, 27% of the administered dose was eliminated with the urine
and 56% with the faeces. After intraperitoneal injection, 80% was eliminated with
the urine and 1% with the faeces (Yamauchi et al. 1988). In sheep and goats, 85% and
90%, respectively, of the administered dose were recovered in the urine 72 hours af-
ter oral administration of sodium methylarsonate (Shariatpanahi and Anderson
1984).

Horses received intramuscular injections of 270 mg disodium methylarso-
nate/kg body weight and day for 5 days. The elimination of disodium methylarson-
ate from the blood and urine followed first-order kinetics, with half-lives of 44 and
38 hours, respectively. During the study and up to 4 days after the final treatment,
up to 75% of the total arsenic dose was eliminated with the urine as dimethylarsinic
acid. No other methylarsenic metabolites were detectable (Assis et al. 2008).

Dimethylarsenic compounds

Within 4 days after the ingestion of dimethylarsinic acid, subjects eliminated 78%
to 80% of the dose unchanged with the urine (Buchet et al. 1981; Marafante et al.
1987). In mice and hamsters, after oral doses of dimethylarsinic acid, 56.4% and
38.7% of the dose were eliminated within 48 hours with the urine and 24.3% and
37.3% with the faeces, respectively. In mice and hamsters, respectively 7.7% and
11.2% were found in the form of dimethylarsinic acid complexes in the urine, and
4.9% and 3.9% in the faeces (Marafante et al. 1987). Higher values were obtained in
another study with mice, in which 80.5% of the administered dimethylarsinic acid
was eliminated with the urine and 15.8% with the faeces after 24 hours. In the three-
phase elimination, 85% was eliminated with a half-time of 2.5 hours, about 14%
with a half-time of 10 hours, and less than 0.5% with a half-time of 20 days (Vahter
et al.1984). For rats, a different elimination pattern was found. Of the orally admin-
istered dimethylarsinic acid, 18.2% was found in the urine and 2.0% in the faeces
during the first 24 hours, whereas during the following 24 hours 3.1% was found in
the urine and 18.7% in the faeces. Elimination took place in two phases, whereby
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45% of the dimethylarsinic acid was eliminated during the first phase with a half-life
of about 13 hours, and 55% during the second phase with a half-life of 50 hours
(Vahter et al.1984). After intravenous injection, and intratracheal and gavage admi-
nistration of dimethylarsinic acid in rats, 71%, 60% and 25% were eliminated with
the urine and 1.2%, 8% and 31% with the faeces within 24 hours. The half-lives for
the three-phase elimination from the plasma after intravenous injection of
200 mg/kg body weight were 0.014, 0.217 and 3.42 hours. After oral, intravenous
and intratracheal administration, the concentration in the plasma decreased to 50%
within less than one hour. The clearance half-times from whole blood were given as
92, 76 and 90 days after intravenous, intratracheal and oral administration, respec-
tively, and corresponded to the clearance half-lives from the erythrocytes of the
rats. The considerably smaller amounts of dimethylarsinic acid eliminated after oral
administration in rats compared with in other species was explained by the higher
accumulation of dimethylarsinic acid in the erythrocytes, such as is known also in
the case of inorganic arsenic (Stevens et al. 1977).

In hamsters, after oral administration of dimethylarsinic acid, 45% of the admin-
istered dose was found in the urine and 34.7% in the faeces over the following 24
hours (Yamauchi and Yamamura 1984).

After single oral doses of *C-labelled dimethylarsinic acid, radioactivity was de-
tected in the urine of mice after only 15 minutes (Hughes et al. 2008).

One hour after the intravenous injection of dimethylarsinic acid or dimethyldi-
thioarsinic acid, the substances were recovered from the urine mainly in intact
form in hamsters, whereby over 70% of the administered dose was found, while less
than 8% to 14% was found in the form of dimethylarsinic acid after treatment with
dimethylarsinous acid and dimethylthioarsinic acid (Naranmandura et al. 2010).

Summary:

Methylarsenic compounds can be absorbed by inhalation, ingestion and through the
skin. In rats and mice, about 80% of the methylarsonic acid or dimethylarsinic acid
dose is absorbed after oral administration, rapidly distributed to the bladder, kid-
neys, lungs, liver, spleen, intestine and testes and eliminated mainly with the urine.
In rats, accumulation in the erythrocytes was observed. Of the thioarsenic com-
pounds, in particular dimethylthioarsinic acid is distributed throughout all organs.

3.2 Metabolism

Methylarsenic compounds can be methylated to the respective higher di-, tri- or
tetramethylarsenic compounds. A diagram showing the metabolic pathways can be
seen in Figure 1.

Although demethylation of dimethylarsinic acid in the intestine by microorgan-
isms has been reported in rats (Chen et al. 1996; Yoshida et al. 1997), this could not
be demonstrated in either humans (Buchet et al. 1981) or in rats (Buchet et al. 1981;
Stevens et al. 1977), mice (Vahter et al. 1984) or hamsters (Marafante et al. 1987)
and its likelihood was therefore excluded with a high probability (Yoshida et al.
2001). In a study with homogenates from different hamster tissues, the formation of
14C-methylarsonous acid was demonstrated using “C-methylarsonic acid as the
substrate for methylarsonic acid reductase (Sampayo-Reyes et al. 2000).



514 MAK Value Documentations

SG OH (o}
| H,0 Ox.
HaC—As—CH3 <«— CHz3—As—CHz—> H3C—As—OH

dimethylarsenic glutathione GSH dimethylarsinous acid

CHg
SAHC . L
ASMT ( dimethylarsinic acid
SAM
SG OH
H,O Ox.
HsC—As—SG <= H3C—As—OH—> H3C—As—OH
methylarsenic diglutathione GSH methylarsonous acid OH
SAHC methylarsonic acid
AsMT
SAM
SG
SG—As—SG
arsenic triglutathione
3H,0 )’ ( 3H,0
3 GSH 3 GSH
OH
[lev  pxpsTo |
OH—Ts—OH ———> OH—As—OH
OH 2JGSH GSSG Arsenous acid
arsenic acid SAM
AsMT
SAHC
I I I
HzC—As—OH ----» H3C—As—OH ----> —As—
GSTO 3 s—O 3 s—O HsC /|\s OH
{ Dosu  OH OH SH
OH GSSG . . . o Lo
methylarsonic acid methylthioarsonic acid methyldithioarsonic acid

HsC—As—OH

methylarsonous acid Y/IAT
saM ) 0 s

SAHC I I
HaC——As——OH ----> HgC—As——OH ----> H,C—As—SH

ey | | |
TH '/\GSH CHs CHs CHs

2
GSSG dimethylarsinic acid dimethylthioarsinic acid dimethyldithioarsinic acid
CH3—As—CHjs

dimotholare . w:
1mel y arsinous acu
SAM ﬁ S|

SAHC  HyC— As—CHg----> HaC—As—CHs

S
I

CHs CHs

trimethylarsine oxide trimethylarsine sulfide

Figure 1 Metabolic pathways of arsenic (according to Pinyayev et al. 2011; Watanabe and
Hirano 2013)
(AsMT: arsenic methyltransferase; GSH: glutathione; GSSG: oxidized glutathione;
GSTO: glutathione S-transferase-omega; Ox.: oxidation; PNP: purine nucleoside-phos-
phorylase; SAM: S-adenosylmethionine; SAHC: S-adenosylhomocysteine)
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Monomethylarsenic compounds

In the urine of subjects, the methylation of about 13% of the ingested methylarson-
ic acid to form dimethylarsinic acid (Buchet et al. 1981; Stevens et al. 1977) and of
about 4% to form trimethylarsine oxide (Marafante et al. 1987) was determined.

The methylation is dependent on the duration of exposure. After exposures lasting
1 week or 7 months, 50.6% and 65.3% of the orally administered methylarsonic
acid was determined as methylarsonic acid in the urine of rats, 19% and 27% as di-
methylarsinic acid, 6.9% and 4.1% as trimethylarsine oxide, and 0.4% and 0.1% as
the tetramethylarsonium ion, respectively (Yoshida et al. 1998).

In male and female rats given methylarsonic acid with the drinking water (meth-
ylarsonic acid doses of about 14 mg/kg body weight and day) for 12 weeks, the fol-
lowing concentrations of the different arsenic species were found in the urine:
methylarsonic acid: 122—-166 pg arsenic/ml (69.2%-79.2%), methylarsonous acid:
1.8-8.4 ug arsenic/ml (1.2%-3.5%), dimethylarsinic acid: 18-22 pg arsenic/ml
(11.7%-9.2%), dimethylarsinous acid: 0.2—1.6 pg arsenic/ml (0.1%—1.7%), trimethy-
larsine: 0.1-0.4 pg arsenic/ml (0.01%—0.2%), trimethylarsine oxide: 4.8—4.9 pg arse-
nic/ml (2.0%-3.1%), and the tetramethylarsonium ion: 0.01-0.1 ug arsenic/ml.
Three further metabolites found in several studies but not yet identified occurred in
concentrations of up to 1.4 pg arsenic/ml (Shen et al. 2006).

In rats given methylarsonic acid with the drinking water in concentrations of 50 or
200 mg/] (methylarsonic acid doses of about 2 or 8 mg/kg body weight) for 60 weeks,
26.9% of the total arsenic compounds eliminated were found in the urine in the form
of methylarsonic acid after 2 mg/kg body weight and 68.3% after 8 mg/kg body
weight. The amount of dimethylarsinic acid eliminated with the urine was likewise
found to be dose-dependent, but not, however, the amounts of trimethylarsine oxide,
tetramethylarsonium ion and two other unidentified metabolites (Shen et al. 2003 a).

Within 24 hours after oral administration of “C-methylarsonic acid doses of
0.4 mg/kg body weight, mice eliminated 98.2% with the urine as the unchanged
substance and 1.8% as methylarsonous acid. After oral administration of "*C-meth-
ylarsonic acid doses of 40 mg/kg body weight, apart from methylarsonic acid
(89.6%) and methylarsonous acid (1.2%) also the metabolites dimethylarsinic acid
(6.2%), dimethylarsinous acid (1.1%) and trimethylarsine oxide (1.9%) were found in
the urine (Hughes et al. 2005). Further studies with methylarsonic acid confirmed
these results in mice after intravenous injection (determined in urine; Hughes and
Kenyon 1998), in rats after ingestion (determined in bile; Cui et al. 2004) or intrave-
nous injection (determined in urine; Suzuki et al. 2004) or also after oral adminis-
tration or intravenous injection in hamsters (determined in urine; Yamauchi et al.
1988). In addition, in vitro studies with hepatocytes from humans or rats (Styblo
et al. 1999) or with a human recombinant methyltransferase (Hughes et al. 2005)
confirmed the methylation of methylarsonic acid. In hamsters treated with me-
thylarsonic acid, < 1% of the eliminated methylarsonic acid was methylated to
trimethylarsine (Yamauchi et al. 1988).

After oral administration of *C-methylarsonous acid doses of 0.4 mg/kg body
weight, a quite different pattern of elimination was obtained in the 24-hour urine of
mice: methylarsonic acid (6.3%), methylarsonous acid (0.6%) and especially the me-
tabolites dimethylarsinic acid (81.5%), dimethylarsinous acid (10.9%), but only a
small amount of trimethylarsine oxide (1.9%) were found (Hughes et al. 2005).
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The marked methylation of methylarsonous acid to dimethylarsinic acid was de-
termined also in vitro with rat hepatocytes (Styblo et al. 1999) or their cytosol
(Styblo et al. 1995).

Dimethylarsenic compounds

After single oral doses of dimethylarsinic acid, 98% appeared unchanged in the
urine of F344 rats after 2 hours. Within 24 hours, the amount of dimethylarsinic
acid decreased steadily to 23.8%, whereas increasingly higher levels of trimethylar-
sine oxide (up to 56.8%) were found (Yoshida et al. 1997). In mice, after single oral
doses of dimethylarsinic acid, the metabolites dimethylarsinous acid, trimethylar-
sine oxide, dimethylthioarsinic acid and trimethylarsine sulfide were detected in the
urine after 24 hours. After the administration of dimethylarsinous acid, trimethyl-
arsine oxide, dimethylthioarsinic acid and trimethylarsine sulfide were found as
urinary metabolites (Hughes et al. 2008). In hamsters, after single oral doses of
dimethylarsinic acid, 67.9% of the dose was determined as dimethylarsinic acid
and 32.0% as trimethylarsine in the urine within 24 hours. In the faeces, analysis
revealed almost exclusively dimethylarsinic acid, but no trimethylarsine (Yamauchi
and Yamamura 1984).

Within 48 hours after oral administration of dimethylarsinic acid, 3.5% trimeth-
ylarsine oxide was found in the urine of mice and up to 6.4% in that of hamsters
(Marafante et al. 1987).

When dimethylarsinic acid was administered with the drinking water to rats,
after 1 week and after 7 months, 0.1% and 0.1% of the administered dose was found
in the urine as methylarsonic acid, 44.9% and 60.7% as dimethylarsinic acid, 40.0%
and 23.9% as trimethylarsine oxide, 0.4% and 0.6% as the tetramethylarsonium ion,
and 0.8% and 0.2% as arsenobetaine, respectively (Yoshida et al. 1998). After admi-
nistration of dimethylarsinic acid with the drinking water (dimethylarsinic acid
doses of about 14 mg/kg body weight and day) for 12 weeks, the following arsenic
species were found in the urine of male and female rats: methylarsonic acid: 0.1—
0.2 ug arsenic/ml, methylarsonous acid: not detectable — 0.5 pg arsenic/ml, dimeth-
ylarsinic acid: 40-41 pg arsenic/ml (41.2%-57.7%), dimethylarsinous acid: 0.4—
0.7 pg arsenic/ml, trimethylarsine: 0.2—2.3 pg arsenic/ml and trimethylarsine oxide:
23-39.7 ug arsenic/ml (23.7%—55.9%) and tetramethylarsonium ion: 0.1-1.0 pg ar-
senic/ml. Three unidentified metabolites occurred at concentrations of up to 7.1 pg
arsenic/ml (Shen et al. 2006).

In F344 rats given dimethylarsinic acid doses of up to 200 mg/kg body weight
and day with the diet for 14 days, among the dimethylated and trimethylated arse-
nic compounds also dimethylthioarsinic acid and trimethylarsine sulfide were elim-
inated with the urine in a dose-dependent fashion (Adair et al. 2007).

Trimethylarsenic compounds

Following the administration of trimethylarsine oxide with the drinking water, uri-
nalysis revealed that after 1 week and after 7 months 0.4% and 0.6%, respectively, of
the administered dose was present as methylarsonic acid, 1.9% and 6.6% as dimethyl-
arsinic acid, 89.4% and 88.9% as trimethylarsine oxide, and 5.1% and 2.6% as the te-
tramethylarsonium ion (Yoshida et al. 1998). After the administration of trimethyl-
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arsine oxide with the drinking water (trimethylarsine oxide doses of about 14 mg/kg
body weight and day) for 13 weeks, the following arsenic species were found in the
urine of male and female rats: methylarsonic acid: not detectable — 0.03 pug arse-
nic/ml, methylarsonous acid: not detectable — 0.05 ug arsenic/ml, dimethylarsinic
acid: 0.1-0.3 ug arsenic/ml, dimethylarsinous acid: 0.02 pg arsenic/ml, trimethylar-
sine: 5-17 pg arsenic/ml and trimethylarsine oxide: 239-292 pg arsenic/ml, te-
tramethylarsonium ion: 2.9-9.7 g arsenic/ml. Three other unidentified metabolites
occurred in concentrations of up to 27 pg arsenic/ml (8.2%) (Shen et al. 2006).

After the administration of trimethylarsine oxide with the drinking water for
60 weeks, trimethylarsine oxide, dimethylarsinic acid, the tetramethylarsonium ion,
arsenobetaine, and one unidentified arsenic metabolite were found in the urine
(Shen et al. 2003 b).

Thiomethylarsenic compounds

The also identified organic thioarsenic compounds methylthioarsonic acid,
dimethylthioarsinic acid, dimethyldithioarsinic acid (Suzuki et al. 2007) or
trimethylarsine sulfide (Adair et al. 2007) can be formed in erythrocytes or other
cells (Naranmandura and Suzuki 2008; Naranmandura et al. 2007 a) and in the gas-
trointestinal tract by hydrogen sulfide-producing micro-organisms that replace the
oxygen of the methylarsenic compounds with sulfur (Kubachka et al. 2009; Pinyayev
et al. 2011). Organic thioarsenic compounds were found in the urine of humans
(Chilakapati et al. 2010; Raml et al. 2007), sheep (Hansen et al. 2004), hamsters
(Naranmandura et al. 2007 b) and rats (Naranmandura et al. 2007 b; Suzuki et al.
2010; Yoshida et al. 1997) after exposure to inorganic arsenic compounds.

As studies have shown that dimethylarsinous acid is very unstable in aqueous
solutions and difficult to determine, it is assumed that in most of the studies
dimethylthioarsinic acid was incorrectly identified as dimethylarsinous acid
(Hansen et al. 2004; Naranmandura et al. 2007 a, b).

Comparison of the various methylarsenic compounds

A comparison of different methylarsenic compounds (Shen et al. 2006, Table 1)
shows that more than 80% of methylarsonous acid is methylated to form dimethyl-
arsinic acid, whereas the other methylarsenic compounds are eliminated mainly in
unchanged form or are methylated to the next-higher di-, tri- or tetramethylarsenic
compound in amounts, for example, of 10% (methylarsonic acid), 40% (dimethyl-
arsinic acid) or 2% (trimethylarsine oxide, not given in the table).

Summary:

The methylarsenic compounds are methylated to higher dimethylarsenic or
trimethylarsenic compounds or converted to thiomethylarsenic compounds. More
than 80% of the methylarsonous acid is methylated to dimethylarsinic acid, about
10% of the methylarsonic acid to dimethylarsinic acid, 40% of the dimethylarsinic
acid to trimethylarsine oxide and 2% of the trimethylarsine oxide to the tetra-
methylarsonium ion (see Table 1).
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Table 1 Methylarsenic species in the urine of rats after the administration of various methylarse-
nic compounds

Administered Species  Methylarsenic species in the urine References
substance Methylarson- Dimethylarsinic Trimethylarsine

ic acid acid oxide
methylarsonous mouse 6.3% 81.5% 1.9% Hughes
acid? ()] et al. 2005
(1 x oral)
methylarsonic rat 74.2% 10.5% 2.6% Shen et al.
acid” (2 and 3) 2006
(in the drinking
water, 12 weeks)
dimethylarsinic ~ rat <0.2% 49.5% 40.0% Shen et al.
acid” (R and 3) 2006
(in the drinking
water, 12 weeks)
trimethylarsine  rat - <0.1% 88.5% Shen et al.
oxide (R and &) 2006

(in the drinking
water, 12 weeks)

9 % related to the administered dose;
b 9% related to the total arsenic level in the urine

4 Effects in Humans

4.1 Single exposures
4.1.1 Inhalation

A man who sprayed a mixture of sodium dimethylarsinate and dimethylarsinic
acid from the loading flap of his pickup truck with a manual sprayer without safety
equipment suffered from nausea after about two hours. Analysis of the blood did
not yield any unusual findings (Peoples et al. 1979).

After the mixing, loading and application of a pesticide consisting of sodium di-
methylarsinate and dimethylarsinic acid, a man developed stomach ache after a
certain time (Peoples et al. 1979).

In one person, headaches and later dizziness, weakness, nausea and stomach
crampsoccurred immediately after wiping up a mixture of sodium dimethylarsinate
and dimethylarsinic acid (Peoples et al. 1979).

4.1.2 Ingestion

Liquid sodium methylarsonate was sprayed onto the clothing of an employee
when he detached a hosepipe from its atomizer spraying head, and it was also
sprayed into his mouth. Despite spitting the liquid out and immediately rinsing his
mouth with water, the man later developed stomach cramps. On the way to hospital
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symptoms of paresis occurred, together with irregular respiration and loss of con-
sciousness. The findings obtained in the clinic after blood, urine and organ exam-
inations were not given. After five days, the man was free of symptoms (Peoples
etal. 1979).

4.1.3 Dermal absorption

Numerous pesticide users (no other details) who spilt sodium dimethylarsinate
and dimethylarsinic acid over their skin have reported contact dermatitis, but
never systemic symptoms (Peoples et al. 1979).

4.2 Repeated exposure

In forestry workers who used sodium methylarsonate and disodium methylarso-
nate without protective clothing and were exposed mainly via the skin, arsenic lev-
els of up to 1 pg arsenic/l urine were determined at the end of the working week.
The medical examinations did not reveal any substance-related diseases (Peoples et
al.1979).

4.3 Local effects on skin and mucous membranes

Skin

A herbicide sprayer, who had worn gloves while spraying a mixture of sodium di-
methylarsinate and dimethylarsinic acid, experienced pain five days after the ex-
posure and the epidermis of both palms of his hands peeled off (Peoples et al. 1979).

A powder consisting of sodium dimethylarsinate and dimethylarsinic acid
blown directly into the face of a man resulted in skin eruption, which within six days
had worsened and was characterized as erythematous and oedematous dermatitis
(Peoples et al. 1979).

An agricultural labourer into whose neck weeds were blown which had been
sprayed with a mixture of sodium methylarsonate, dimethylarsinic acid and so-
dium dimethylarsinate, developed pruritic dermatitis in the contact area (Peoples
etal. 1979).

Skin rashes developed on the arms or legs of two persons who had been exposed
to sodium dimethylarsinate or another organic arsenic compound (no other de-
tails); in each case these were evaluated as contact dermatitis (Peoples et al. 1979).

Eyes

A man who sprayed a mixture of sodium dimethylarsinate and dimethylarsinic
acid into his left eye suffered from conjunctival and corneal irritation (no other
details), despite immediately washing the substance out with water. Also several
other persons whose eyes had come into contact either with the same mixture or
sodium methylarsonate reported irritation of the eyes (Peoples et al. 1979).

In addition, other cases of irritative conjunctivitis or irritation of the eyes have
been described in forestry or agricultural workers after exposure to sodium dime-
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thylarsinate, dimethylarsinic acid or other methylarsenic compounds (Peoples
et al. 1979).

4.4 Allergenic effects

Sensitizing effects on the skin

In a 26-year-old woman occupationally exposed to dimethylarsinic acid, who had
developed dermatitis on her face possibly caused by airborne contact with the sub-
stance, patch tests with 0.1% and 1% dimethylarsinic acid in water yielded a 2+ re-
action after 3 days. No reaction to these preparations was obtained in a control
person (Bourrain et al. 1998).

In addition, sporadic reports of possibly allergic reactions to methylarsenic com-
pounds are available, in which, however, no details are given as to whether patch
tests or other diagnostic measures were performed: In an agricultural worker, a skin
eruption spreading over his arms and legs was evaluated as allergic dermatitis one
month after exposure to a mixture of organic arsenic compounds (no other details)
(Peoples et al. 1979). Although an employee had sprayed a mixture of sodium di-
methylarsinate and dimethylarsinic acid for only a few minutes in the morning,
he developed a generalized pruritic eruption during the afternoon; this was evaluat-
ed as a possible allergic reaction (Peoples et al. 1979). Another employee developed
dermatitis one day after spraying dimethylarsinic acid in hot, windy weather. The
physician who treated him assessed this to be an allergic reaction (Peoples et al.
1979).

Sensitizing effects on the airways

There are no data available.

4.5 Reproductive and developmental toxicity

There are no data available.

4.6 Genotoxicity

There are no data available.

4.7 Carcinogenicity

There are no data available for organic arsenic compounds. However, arsenic and
the inorganic arsenic compounds converted to methylated arsenic compounds are
carcinogenic in humans. Increased risks of cancer were determined after inhalation
exposure to arsenic for the lungs and after ingestion for the bladder, kidneys, skin
and lungs (documentation “Arsenic and its inorganic compounds (with the excep-
tion of arsine)” 2005).
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5 Animal Experiments and in vitro studies

5.1 Acute toxicity
5.1.1 Inhalation

A 2-hour LC,, of 3900 mg dimethylarsinic acid/m?® was calculated for female
Sherman rats after exposure in whole-body chambers. Male rats were less sensitive
with an LC;, of more than 6900 mg dimethylarsinic acid/m? In male and female
Swiss Webster mice, an LCy, of more than 6400 mg dimethylarsinic acid/m? was
obtained. Respiratory distress, rhinitis and encrustations around the eyes have
been described as symptoms of intoxication in rats and mice. After exposure, diar-
rhoea and decreased body weight gains were observed within 14 days. Necropsy of
the animals that died revealed bright red lungs with dark spots and a caecum filled
with solid intestinal content (Stevens et al. 1979).

The 2-hour LC;, for disodium methylarsonate (whole-animal exposure cham-
bers) was more than 6100 mg/m? in male and female Sherman rats and more than
6900 mg disodium methylarsonate/m? in male and female Swiss Webster mice.
During exposure, the animals suffered from respiratory distress, but recovered rap-
idly thereafter. In the exposure chamber, the concentrations of dimethylarsinic
acid or disodium methylarsonate were so high that the animals were hardly visible
(Stevens et al. 1979).

For sensory irritation, RDs, values (decrease in respiration rate by 50%) of 3150 mg
dimethylarsinic acid/m? and 1540 mg disodium methylarsonate/m? were calcu-
lated in mice (Stevens et al. 1979).

5.1.2 Oral administration

In rats, LDy, values of about 1000 mg/kg body weight were calculated for methylar-
sonic acid and sodium methylarsonate, and of about 700 mg/kg body weight for
dimethylarsinic acid and disodium methylarsonate. In rabbits, hares and cattle
the LD;, values were 102, 173 and 250 mg/kg body weight, indicating much higher
sensitivity to sodium methylarsonate than in rats (see Table 2).

The administration of methylarsonic acid, dimethylarsinic acid and trimethyl-
arsine oxide caused decreased motility and laboured breathing in mice. After the
administration of trimethylarsine oxide, the animals’ breath had an odour resem-
bling that of garlic for a short period (Kaise et al. 1989).

5.1.3 Dermal application

In rabbits, the LD, for sodium methylarsonate was between 2000 and 4000 mg/kg
body weight after exposure for 24 hours and a 2-week recovery period (US EPA
1975). Further dermal LD;, values for dimethylarsinic acid, sodium methylarso-
nate and disodium methylarsonate were given as being more than 2000 mg/kg
body weight (no other details) in rabbits (US EPA 2006).



522 MAK Value Documentations

Table 2 Studies of acute toxicity after oral administration

Species LD;, [mg/kg body weight] References
methylarsonic acid

rat 961-1101 Gaines and Linder 1986
mouse 1800 Kaise et al. 1989

sodium methylarsonate

rat 1000 Peoples et al. 1979
1800 Jaghabir et al. 1988
1059-1105 Gaines and Linder 1986
mouse 300 Judd 1979
1200 Kaise et al. 1989
rabbit 102 Jaghabir et al. 1988
hare 173 Exon and Harr 1974
cattle 250 Jaghabir et al. 1988
disodium methylarsonate
rat 700 Peoples et al. 1979
821-928 Gaines and Linder 1986

dimethylarsinic acid

rat 700 Peoples et al. 1979
644-1315 Gaines and Linder 1986

trimethylarsine oxide

mouse 10 600 Kaise et al. 1989

5.1.4 Intraperitoneal injection

After intraperitoneal injection, the LD;, for dimethylarsinic acid in male and fe-
male Sherman rats was 720 and 520 mg dimethylarsinic acid/kg body weight and in
male and female Swiss Webster mice 520 and 600 mg dimethylarsinic acid/kg body
weight, respectively. For disodium methylarsonate, LD;, values of 600 and 561 mg
disodium methylarsonate/kg body weight were determined for male and female
Sherman rats and 600 and 681 mg disodium methylarsonate/kg body weight for
male and female Swiss Webster mice, respectively. The animals died within 4 days.
The symptoms of intoxication were ruffled fur, laboured breathing, hunched pos-
ture, loss of the neck reflex, a decrease in body temperature and immobility.
Gross-pathological examinations revealed a small red thymus, bright lungs, dark
discoloration of the adrenal glands, liver and spleen, the caecum filled with solid
intestinal content, irritation of the gastric mucosa, and blood and mucus in the in-
testine (Stevens et al. 1979).

The LD;, for methylarsonous acid after intraperitoneal administration in ham-
sters was 29.3 umol/kg body weight (3.7 mg/kg body weight) (Petrick et al. 2001).
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5.2 Subacute, subchronic and chronic toxicity
5.2.1 Inhalation

In a 90-day inhalation study (see Table 3), cellular changes in the form of intracyto-
plasmic eosinophilic globules were found in the epithelium of the nasal turbinates
of male and female Sprague-Dawley rats at 34 mg dimethylarsinic acid/m? and
above. These changes were interpreted as the accumulation of secretory proteins or
as an adaptive response to irritation of the upper respiratory tract. The diffuse ef-
fects on different blood cells and the increased haematocrit value were not
considered relevant and the nodules on the epididymides occurring only at 10 and
34 mg/m? were not discussed (Luxembourg Industries 1994 a).

5.2.2 Oral administration

The results of the studies with repeated oral administration of methylarsenic com-
pounds are shown in Table 4.

Methylarsonic acid

In 2-year studies with rats, urinary bladder hyperplasia occurred after methylarson-
ic acid doses of about 2.5 mg/kg body weight and day and above and the incidence
of glutathione S-transferase placental form positive foci was significantly increased
in the liver at about 10 mg/kg body weight and day (Shen et al. 2003 a). Diarrhoea,
emaciation and dehydration occurred at methylarsonic acid doses of about
20 mg/kg body weight and day and above.

Table 3 Effects of dimethylarsinic acid after repeated inhalation

Species, Exposure Findings References
strain,
number per
group
rat, 13 weeks, 10 mg/m?: Q: haematocrit value t,  Luxembourg
Sprague 0, 10, 34 or 100 mg gross-pathological findings in &: Industries
Dawley, dimethylarsinic nodules on epididymides (2/10); 1994 a
103,109  acid/m?, 34 mg/m?: Q: haematocrit value 1,

6 hours/day, 3: leukocytes | and eosinophilic

6 days/week, granulocytes 1, @: urea nitrogen 1,

head/nose exposure 3: nodules on epididymides (2/10);
34 mg/m? and above: Q and 3:
epithelium of the nasal turbinates:
intracytoplasmic eosinophilic
globules;

100 mg/m? @: MCH | and
lymphocytes |; no substance-related
mortality, no changes in organ
weights

MCH = mean corpuscular haemoglobin
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In the gastrointestinal tract, inflammation, necrosis and perforated ulcerations of
the mucosa were found. The adhesion of intestinal loops to each other or to neigh-
bouring organs and peritonitis were observed. The inflammation observed in the
ureter, bladder, kidneys, uterus, prostate gland, testes, epididymis and seminal ves-
icles was evaluated as a possible secondary effect of the perforated ulcers in the
gastrointestinal tract (Arnold et al. 2003; Luxembourg Industries 1990).

In a 2-year study in mice, methylarsonic acid doses of 50 mg/kg body weight and
day and above produced metaplasia in the caecum, colon and rectum, but no neo-
plasms. In the kidneys, nephropathy and calcification were found, and follicular
hyperplasia was observed in the thyroid gland (Arnold et al. 2003).

Dimethylarsinic acid

In rats, intoxication symptoms were observed even after very low doses. The rela-
tiveadrenal weight wasincreased after dimethylarsinicacid doses ofabout0.18 mg/kg
body weight and day and above (2-year study; Arnold et al. 2006). Initial changes in
the kidneys after doses of about 0.15 mg/kg body weight and day and above consist-
ed of an increase in the relative weight and calcification in the medulla—cortex tran-
sitional region (8-week study; Arnold et al. 1999). At dimethylarsinic acid doses of
about 7.8 mg/kg body weight and day and above, hyperplasia of the epithelial lining
of the papillae and pelvic urothelial cells, cystic dilation of the medullary tubules and
papillary necrosis were described (2-year study; Arnold et al. 2006). In the bladder,
at about 1.5 mg dimethylarsinic acid/kg body weight and day and above there was a
dose-dependent increase in cell proliferation in the surface epithelium (8-week
study; Wanibuchi et al. 1996), at about 3.1 mg dimethylarsinic acid/kg body weight
and day and above there was a dose-dependent increase in the incidence of hyper-
plasia and submucosal lymphocytic infiltration, and vacuolar degeneration of the
urothelium (2-year study; Arnold et al. 2006). At dimethylarsinic acid doses of
about 3 mg/kg body weight and day and above (10-week study; Arnold et al. 1999)
the relative weight was increased, and at about 7.8 mg/kg body weight and day and
above in a 2-year study the incidence of papillomas and carcinomas of the bladder
(see Section 5.7) was increased (Arnold et al. 2006). In the liver, necrosis occurred
and fatty degeneration of the surface epithelium of the hepatocytes located around
the central vein was found (8-week study; Wanibuchi et al. 1996). For sodium di-
methylarsinate trihydrate, a lowest observed adverse effect level (LOAEL) of
0.15 mg/kg body weight and day was determined in rats based on an increase in
vacuole formation in the cytoplasm and the presence of hyperchromatin in the nu-
cleus of transitional epithelial cells detected by means of electron microscopic ex-
amination of the bladder (Wang et al. 2009 b).

Mice were less sensitive to dimethylarsinic acid than rats, although the damage
was nevertheless found to be similar (Arnold et al. 2006).

Summary:

After oral administration of methylarsonic acid, the LOAEL for hyperplasia of the
bladder was about 2 mg/kg body weight and day in rats. For dimethylarsinic acid, a
LOAEL of about 0.2 mg/kg body weight and day was obtained in rats for the
increase in relative kidney weights and of 0.3 mg/kg body weight and day for calci-
fications in the corticomedullary region of the kidney. For sodium dimethylarsinate
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Table 5 Effects of methylarsenic compounds after repeated dermal application

Species, Exposure Findings References
strain,
number per group

methylarsonic acid

rabbit, 21 days, 100 mg/kg body weight: Luxembourg
New Zealand 0, 100, 300 or 1000 mg NOAEL; Industries
White methylarsonic acid/kg 300 mg/kg body weight and 1991 b
58and5¢Q body weight and day, above: 3: dose-dependent

occlusive, decrease in the cholesterol level in

6 hours/day, the blood

5 days/week,
purity: 99.95%

dimethylarsinic acid

rabbit, 21 days, 300 mg/kg body weight: Luxembourg
New Zealand 0, 100, 300 or 1000 mg NOAEL, hypospermia 1/5; Industries
White, dimethylarsinic 1000 mg/kg body weight: Q: 1991 a
53and5¢Q acid/kg body weight relative and absolute adrenal

and day, weights |, 3: hypospermia in 4/5;

occlusive, no irritation

6 hours/day,

5 days/week,

purity: 99.95%

trihydrate, a LOAEL of 0.15 mg/kg body weight and day was determined in rats for
degenerative changes in the cells of the transitional epithelium of the bladder.

5.2.3 Dermal application

In the 3-week studies with dermal application of methylarsonic acid or dimethyl-
arsinic acid (see Table 5), no local effects were found in rabbits up to 1000 mg/kg
body weight and day for either substance (Luxembourg Industries 1991 a, b). At
doses of 300 mg/kg body weight and day and above, methylarsonic acid reduced
the cholesterol level in the males in a dose-dependent manner (Luxembourg Indus-
tries 1991 b), which was found also in rats after oral administration (Arnold et al.
2003; Luxembourg Industries 1990). The hypospermia occurring in male rabbits at
1000 mg dimethylarsinic acid/kg body weight and day was attributed by the au-
thors to delayed spermatogenesis and immaturity of the animals (Luxembourg In-
dustries 1991 a). Even though hypospermia was not observed in rats after oral ad-
ministration, a substance-related effect cannot be excluded.

Dimethylarsinic acid doses of 0, 1 or 10 mg/kg body weight were applied to the
dorsal skin of female BALB/c mice once a week for 4 weeks. The females were mat-
ed with untreated males after the first application. Skin thickness and the expres-
sion of the apoptosis-related factors Bcl-2, Bcl-3, Bad and Bid, and caspase-3, 6, 8,9
and 12 in the skin were examined during pregnancy and one day after birth. In the
dams, at dose levels of 1 mg/kg body weight and day and above, treatment with di-
methylarsinic acid led to increased skin thickness and the increased expression of
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Bcl-2, Bad and caspase-12 at the mRNA and protein level (see Section 5.5.2) (Kim
etal. 2012).

Summary:

After dermal application of methylarsonic acid or dimethylarsinic acid, no local ef-
fects occurred in rabbits up to 1000 mg/kg body weight and day. The no observed
adverse effect levels (NOAELs) for methylarsonic acid and dimethylarsinic acid
were 100 and 300 mg/kg body weight, respectively, in rabbits after 3 weeks of expo-
sure. In the skin of mice, 4-week dermal application of dimethylarsinic acid doses of
1 mg/kg body weight and day and above resulted in increased skin thickness and
the increased expression of genes participating in apoptosis and of caspase-12.

5.3 Local effects on skin and mucous membranes
5.3.1 Skin

After whole-body exposure to dimethylarsinic acid concentrations of up to
6940 mg/m?, only female Sherman rats developed erythema on the paws and ears
with a reddish discoloration of the fur. These changes, which did not occur in male
rats or Swiss Webster mice, were attributed to irritation caused by direct contact
with dust (Stevens et al. 1979).

In 21-day dermal studies in rabbits, methylarsonic acid and dimethylarsinic
acid were not found to be irritating to the skin up to 1000 mg/kg body weight and
day (Luxembourg Industries 1991 a, b).

Sodium methylarsonate had a slight irritating effect on the intact skin of rabbits
(Jaghabir et al. 1988).

5.3.2 Eyes

In 6 New Zealand White rabbits, the instillation of sodium methylarsonate into
the conjunctival sac caused reddening and swelling of the conjunctiva and lacrima-
tion. Five rabbits recovered after 96 hours and one after 120 hours (US EPA 2006).

5.4 Allergenic effects

There are no data available.

5.5 Reproductive and developmental toxicity
5.5.1 Fertility

The results of the available fertility studies are shown in Table 6.

In a 2-generation feeding study in rats, after methylarsonic acid doses of
76 mg/kg body weight and day, the body weight gains were delayed by 8.6% and
9.3% in the male parents of the FO and F1 generations, respectively, and the fertility
index was decreased.
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In addition, the gestation index and number of pups surviving up to day 21 after
birth were decreased (Luxembourg Industries 1994 b). For the foetuses and off-
spring, a NOAEL of 22 mg methylarsonic acid/kg body weight and day was ob-
tained in this study. As in the offspring the additional uptake of methylarsonic acid
via the mother’s milk and food occurred, it is not possible to ascertain whether a
postnatal effect might have been involved.

After male mice were treated for 10 weeks with sodium methylarsonate doses of
11.9 mg/kg body weight and day and above and subsequently mated, only half of the
untreated females had offspring (Prukop and Savage 1986). The LOAEL for fertility
was therefore 11.9 mg sodium methylarsonate/kg body weight and day.

In a 2-generation feeding study, changes in the erythrocyte count and erythrocyte
volume, reduced relative ovarian weights and a change in the follicular epithelium
of the thyroid gland were observed in the female animals at 14.9 mg dimethylarsi-
nic acid/kg body weight and day. In the foetuses, no unusual substance-related
findings in growth and development were found (Luxembourg Industries 1989 b).
The NOAEL for foetotoxicity is therefore 14.9 mg dimethylarsinic acid/kg body
weight and day.

In male rabbits, the dermal application of 1000 mg dimethylarsinic acid/kg body
weight produced hypospermia; this was attributed to delayed spermatogenesis or
delayed maturity of the animals (Luxembourg Industries 1991 a).

Summary:

From the available studies, a NOAEL for fertility of 22 mg methylarsonic acid/kg
body weight and day was obtained for rats and a LOAEL of 11.9 mg sodium meth-
ylarsonate/kg body weight for mice. In rats, a NOAEL of 14.9 mg dimethylarsinic
acid/kg body weight and day was obtained for fertility and foetotoxicity.

5.5.2 Developmental toxicity

The studies of developmental toxicity are presented in detail in Table 7.

In rats, the NOAEL for maternal toxicity and reduced foetal weights was 100 mg
methylarsonic acid/kg body weight and day. No teratogenic effects were found
(Irvine et al. 2006). In rabbits, the NOAEL was 12 mg methylarsonic acid/kg body
weight and day for skeletal variations (Irvine et al. 2006).

Dimethylarsinic acid was found to have the highest developmental toxicity
among the methylarsenic compounds. In rats, pre-implantation losses occurred at
12 mg dimethylarsinic acid/kg body weight and day, and post-implantation losses at
doses of 36 mg/kg body weight and day and above. In the foetuses, delayed ossifica-
tion, skeletal variations and reduced body weights were found at 36 mg/kg body
weight and day and above (Irvine et al. 2006). In rats, the NOAEL was therefore
4 mg dimethylarsinic acid/kg body weight and day for pre-implantation losses and
12 mg dimethylarsinic acid/kg body weight and day for developmental toxicity.
From a 2-generation study, a NOAEL for foetotoxicity of 14.9 mg dimethylarsinic
acid/kg body weight and day was derived for rats (see Section 5.5.1 and Table 6). In
rabbits, a NOAEL of 12 mg dimethylarsinic acid/kg body weight and day for mater-
nal and developmental toxicity was obtained (Irvine et al. 2006).
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Dimethylarsinic acid was applied to the dorsal skin of female BALB/c mice in
doses of 0, 1 or 10 mg/kg body weight once a week for 4 weeks. After the first appli-
cation, the females were mated with untreated males. Skin thickness and the expres-
sion of the apoptosis-related factors Bcl-2, Bcl-3 Bad and Bid, and caspase-3, 6, 8, 9
and 12 in the skin were examined during pregnancy in the dams and also one day
after birth in both dams and foetuses. Treatment with dimethylarsinic acid increased
the skin thickness and the expression of Bcl-2, Bad and caspase-12 at the mRNA and
protein level in the dams, but not in the offspring (Kim et al. 2012).

Summary:

As regards the developmental toxicity of methylarsenic compounds, rats and rabbits
are considerably more sensitive than mice. Oral administration of methylarsonic acid
to pregnant rabbits produced skeletal variations in the foetuses at 12 mg/kg body
weight. In rats, pre-implantation losses occurred at dimethylarsinic acid doses of
12 mg/kg body weight and post-implantation losses, skeletal variations and delayed
ossification in the foetuses at doses of 36 mg/kg body weight and above. In rabbits, all
foetuses died after dimethylarsinic acid doses of 48 mg/kg body weight. In mice, in
addition to increased mortality in the dams and foetuses at dose levels of 400 mg di-
methylarsinic acid/kg body weight and above, delayed ossification and skeletal varia-
tions were found in the foetuses.

5.6 Genotoxicity
5.6.1 Invitro

Mutagenicity tests with Salmonella typhimurium yielded negative results for methy-
larsenic compounds. Chromosomal aberrations, oxidation of DNA, impairment of
DNA repair processes, DNA strand breaks, micronuclei and other clastogenic effects
in the pM range are caused by various methylarsenic compounds (see Table 8). Only
methylarsonous acid led to sister chromatid exchange in mammalian cells. In V79
cells, 10 mM dimethylarsinic acid inhibited the correct synthesis of centrosomes
and their kinesin-dependent migration to the cell poles on the opposite side (Ochi
2000, 2002; Ochi et al. 1999). This also explains the mitotic arrest in human lympho-
cytes (Kligerman et al. 2003, 2005), V79 cells (Eguchi et al. 1997) or A431 cells (Nar-
anmandura et al. 2007 a) caused by methylarsonic acid, dimethylarsinous acid,
dimethylarsinic acid, dimethylthioarsinic acid and trimethylarsine oxide. Hypo-
ploidy or hyperploidy in MRC-5 cells were induced at 12.5 M dimethylarsinic acid
and above (Gtierci et al. 2000). Dimethylarsinic acid and trimethylarsine oxide, but
not methylarsonic acid, caused tetraploids in V79 cells (Eguchi et al. 1997).

The unidentified metabolites (see Section 3.1 and Section 3.2) occurring in rats after
the administration of dimethylarsinic acid with the drinking water are possibly also
genotoxic. It was possible to identify two of these metabolites in a solution with di-
methylarsinic acid (1 mM), Escherichia coli A3-6 and various cysteine concentra-
tions (1-7 mM); cysteine was necessary for the formation of the metabolites by Esch-
erichia coli A3-6. When V79 cells were cultured for 6 hours in a solution of
dimethylarsinic acid, Escherichia coli A3-6 and cysteine, there was a significant in-
crease in C-mitosis, tetraploidy, mitotic arrest, sister chromatid exchange and chro-
mosomal aberrations depending on the cysteine concentration.
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The incubation for 6 hours of V79 cells in 1 mM dimethylarsinic acid with Esch-
erichia coli A3-6 but without cysteine produced a questionably significant increase
in chromosomal aberrations, whereas the incidences of C-mitosis, tetraploidy, mi-
totic arrest and sister chromatid exchange were not significantly increased. In this
system, trimethylarsine oxide was not found to be genotoxic either with or with-
out the addition of cysteine (Kuroda et al. 2004). An unidentified metabolite of
dimethylarsinic acid formed in the presence of Escherichia coli induced a signifi-
cant increase in C-mitosis, mitotic arrest, tetraploidy, chromosomal aberrations
and sister chromatid exchange (Kuroda et al. 2004). This metabolite is quite proba-
bly dimethylthioarsinic acid (Leffers et al. 2013 a). 10 uM dimethylthioarsinic acid
was demonstrated to cause effective mitotic arrest (Naranmandura et al. 2007 a).

The results of the studies of the genotoxicity of methylarsenic compounds in vitro
are shown in Table 8.

Summary:

Methylarsenic compounds are not mutagenic in bacteria, but are clastogenic and
aneugenic and impair DNA repair in vitro in mammalian cells.

5.6.2 Invivo

Somatic cells

The results of genotoxicity studies in rats and mice are shown in Table 9.

In CD1 mice, the intraperitoneal injection of dimethylarsinic acid doses of
300 mg/kg body weight caused aneuploid bone marrow cells (Kashiwada et al.
1998). After oral administration of 1500 mg/kg body weight, DNA strand breaks
were found only after 12 hours in lung cells, but not in liver or kidney cells. After 24
hours, DNA damage could no longer be demonstrated (Yamanaka et al. 1989;
Yamanaka and Okada 1994).

After the administration of dimethylarsinic acid doses of 7.5 mg/kg body weight
and day with the drinking water for 6 weeks, the formation of 8-hydroxydeoxygua-
nosine was detected in the liver (Wanibuchi et al. 1997). After single oral doses of
dimethylarsinic acid of 720 mg/kg body weight, also oxidative DNA damage was
found in the lungs and bladder (Yamanaka et al. 2003).

In Muta™ mice, intraperitoneal injection of dimethylarsinic acid (10.6 mg/kg
body weight and day) on five consecutive days was not found to cause point muta-
tions or micronuclei in peripheral blood reticulocytes. There were also no point
mutations in lung, kidney, bladder or bone marrow cells (Noda et al. 2002).

Germ cells

The dominant lethal test described in Section 5.5.1, in which mice were given oral
doses of methylarsonic acid of up to 119 mg/kg body weight (Prukop and Savage
1986), is not valid because the documentation was insufficient and the study was
carried out inadequately (for example, the duration of treatment was too short and
the number of animals used was too small), and can therefore not be used to assess
the germ cell mutagenicity of methylarsenic compounds.
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Summary:

Methylarsenic compounds cause oxidative DNA damage in the liver and kidney
cells of rats and DNA strand breaks in the lungs and aneuploidy in bone marrow
cells of mice. Methylarsenic compounds do not induce point mutations in lung,
kidney, bladder or bone marrow cells of Muta™ mice. In animal experiments,
methylarsenic compounds were found to be clastogenic and aneugenic.

There are no studies available of the germ cell mutagenicity of methylarsenic com-
pounds which fulfil present-day requirements.

5.7 Carcinogenicity
5.7.1  Short-term studies

A study available only in summary form reports that dermal application of dime-
thylarsinous acid (no other details) increases the 8-0x0-7,8-dihydroguanine con-
centration in the epidermis and leads to the formation of skin tumours (no other
details) (An et al. 2009).

Six-week-old A/] and ddY mice were given intraperitoneal injections of 0 or
5.3 mg dimethylarsinic acid/kg body weight and day or 6.0 mg trimethylarsine/kg
body weight and day for 5 days. After a 25-week recovery period, the lungs, liver,
kidneys, spleen, stomach and bladder were examined microscopically for tumours.
A significantly increased tumour incidence was found only in the lungs in both
strains and only after dimethylarsinic acid doses but not, however, after the injec-
tions with trimethylarsine (Yamanaka et al. 2009).

The administration of 0, 10, 50, 100 or 150 mg methylarsonous acid/l drinking
water (methylarsonous acid doses of about 0, 1.25, 6.25, 12.5 or 18.75 mg/kg body
weight and day) for 26 weeks did not increase the incidence of skin tumours in
transgenic K6/OCD mice (Chen et al. 2008).

In rats exposed to dimethylarsinic acid via the drinking water, a significant in-
crease in proliferating cells in the surface epithelium of the bladder was found after
doses of 0.75 mg/kg body weight and day and above for 32 weeks (Wanibuchi et al.
1996). After 22 weeks of treatment no preneoplastic changes or tumours occurred
at dimethylarsinic acid doses up to 30 mg/kg body weight and day (Yamamoto
etal. 1995, 1997).

A/] mice were given dimethylarsinic acid doses of up to about 50 mg/kg body
weight and day for 25 weeks, or doses of up to about 28 mg/kg body weight and day
for 50 weeks with the drinking water (see Table 10). The number of lung tumours
per animal and of hyperplasia in the lungs was significantly increased only after the
longer treatment period of 50 weeks at doses of 3.5 mg dimethylarsinic acid/kg
body weight and day and above. After dimethylarsinic acid doses of 28 mg/kg body
weight and day there was a significantly increased number of alveolar and papillary
adenomas. Apart from the lungs, no other organs were examined (Hayashi et al.
1998). In Ogg~'~ mice, which are incapable of repairing oxidative DNA damage, di-
methylarsinic acid doses of about 8 mg/kg body weight and day for 72 weeks (see
Table 10) induced significantly increased incidences of adenomas and adenocarci-
nomas in the lungs, and also of lymphomas and leukaemia (Kinoshita et al. 2007 a).



562 MAK Value Documentations

Table 10 Short-term studies of the carcinogenicity of dimethylarsinic acid in mice

Author:

Substance:

Species:
Administration route:

Dose:

Duration:

Toxicity:

Hayashi et al. 1998

dimethylarsinic acid (purity 99%)

mice, A/J, 10-14 3 per group

0, 50, 200 or 400 mg dimethylarsinic acid/l drinking water

25 weeks: about 0, 6.25, 25 or 50 mg dimethylarsinic acid/kg body
weight and day;

50 weeks: about 0, 3.5, 14 or 28 mg dimethylarsinic acid/kg body
weight and day

25 or 50 weeks

Dimethylarsinic acid [mg/1]

Lung tumours after 25 weeks

incidence
tumours/animal

alveolar or papillary
adenomas

0 50 200 400

2/10 (20%) 3/10 (30%)  4/10 (40%) 3/10 (30%)
0.20 £ 0.42 0.30+0.48 0.50+0.71 0.40 £ 0.70
2/10 (20%) 3/10 (30%) 3/10 (30%) 3/30 (30%)

Lung tumours after 50 weeks

incidence
tumours/animal
hyperplasia

alveolar or papillary
adenomas

adenocarcinomas

7/14 (50%) 10/14 (71%)  9/14 (64%) 11/14 (79%)
0.50  0.52 1.07 £ 1.00*  1.07 + 1.07* 1.36 + 1.01*
0/14 (0%) 6/14 (43%)™  3/14 (21%) 4/14 (29%)*
2/14 (14%) 5/14 (36%)  7/14 (50%)* 10/14 (71%)**
1/14 (7%) 3/14 (21%)  4/14 (29%) 3/14 (21%)

no other organs were examined

Author:

Substance:

Species:
Administration route:
Dose:

Duration:

Toxicity:

Kinoshita et al. 2007 a

dimethylarsinic acid (purity 99%)

mice, Ogg~~ and Ogg**(C57Bl/6]), 5-6 & and 5-6 Q each
0 or 200 mg dimethylarsinic acid/l drinking water

about 14 mg dimethylarsinic acid/kg body weight and day
72 weeks

Ogg™”~ mice: about 14 mg dimethylarsinic acid/kg: relative weights
of the lungs, liver, spleen 1, induction of cell proliferation, signal
transduction and genes responsible for xenobiotic metabolism,
lungs: increased formation of microvilli with number of mitochon-
dria 1
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Table 10 (continued)

Ogg '~ mice
Dimethylarsinic acid [mg/kg body weight and day]
0 about 14
lymphomas or 0/10 (0%) 4/10 (40%)"
leukaemia
Liver
carcinomas 0/10 (0%) 1/10 (10%)
Lung
adenomas 0/10 (0%) 2/10 (20%)
adenocarcinomas 0/10 (30%) 3/10 (30%)
adenomas and 0/10 (0%) 5/10 (50%)*
adenocarcinomas
Mammary gland
adenocarcinomas 0/10 (0%) 1/10 (10%)

no increased tumour incidences were found in Ogg** mice after the administration of
dimethylarsinic acid, although adenocarcinomas were found in the kidneys (1/12) and mam-
mary gland (1/12) in addition to one sarcoma of the skin (1/12);

no other organs were examined

no separate data given for g and @ animals

1 p = 0.05; *p < 0.05; *p < 0.01

Summary:

In short-term studies with rats, dimethylarsinic acid did not cause an increase in
tumour incidences in the investigated organs, such as the bladder and lungs, after
32 weeks of treatment. In male mice, a significant increase in the incidence of alve-
olar and papillary adenomas in the lungs was found after 50 weeks of treatment
with dimethylarsinic acid doses of 3.5 mg/kg body weight and day and above. This
indicates that methylated arsenic compounds have an initiating effect.

Initiation-promotion studies

In various initiation—promotion studies in male rats, the effects of methylated arse-
nic compounds on preneoplastic changes or tumours in the lungs, kidneys, bladder,
liver and also in the oesophagus, forestomach, intestine and thymus were investi-
gated. These studies are shown in Table 11.

In male F344 rats, a study with intraperitoneal injection of the initiators diethylni-
trosamine (DEN), N-methyl-N-nitrosourea (MNU) and 1,2-dimethylhydrazine
(DMH) within 4 weeks, with additional treatment with N-butyl-N-(4-hydroxybu-
tyl)-nitrosamine (BBN) and N-bis(2-hydroxypropyl)nitrosamine (DHPN) in the
drinking water resulted in significantly increased tumour incidences in the bladder,
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liver and kidneys following a 6-month promotion phase with dimethylarsinic acid.
The incidences of hyperplasia, papillomas and carcinomas of the bladder were sig-
nificantly increased after dimethylarsinic acid doses of 3.75 mg/kg body weight and
day and above. At dose levels of about 15 mg/kg body weight and day and above, the
incidences of adenomas and renal cell tumours of the kidneys and hyperplasia, nod-
ules and hepatocellular carcinomas of the liver were significantly increased.

In the oesophagus, forestomach, intestine and thymus, no preneoplasms or tu-
mours developed (Yamamoto et al. 1995, 1997).

Bladder

In the bladder of NBR rats treated with 0.05% BBN in the drinking water for 4 weeks
and subsequently with dimethylarsinic acid doses of about 12.5 mg/kg body
weight and day in the drinking water for 32 weeks, a significant increase in simple,
papillary or nodular hyperplasia was found, but no significantly increased incidence
of carcinomas (Li et al. 1998). In F344 rats investigated using the same study design,
a dose-dependent increase in the incidence of papillomas and carcinomas in the
bladder was observed even after doses of as little as 1.88 mg dimethylarsinic
acid/kg body weight and day (Wanibuchi et al. 1996).

Liver

After initiation with 30 mg diethylnitrosamine/kg body weight and partial hepatec-
tomy, the incidence of basophilic foci in the liver was significantly increased in Wis-
tar rats given dimethylarsinic acid doses of 3.8 mg/kg body weight and day with
the drinking water for 6 months (Johansen et al. 1984). After pretreatment with
200 mg diethylnitrosamine/kg body weight and after partial hepatectomy, subse-
quent promotion with dimethylarsinic acid for 2 weeks led in F344 rats to signifi-
cantly increased activities of ornithine decarboxylase (ODC) and spermidine/sper-
mine N-acetyltransferase (SAT, limiting enzyme of polyamine biosynthesis) in the
liver at dimethylarsinic acid doses of 0.75 mg/kg body weight and day and above.
The increase in ODC activity is regarded as a marker for cell proliferation, and that
of SAT is associated with carcinogenesis in the skin, bladder and liver. In addition,
at dose levels of 1.88 mg dimethylarsinic acid/kg body weight and day and above,
the number and size of foci containing the placental form of glutathione S-transfer-
ase (GST-P) were increased (Wanibuchi et al. 1997). In a comparative investigation,
after initiation with 200 mg diethylnitrosamine/kg body weight and subsequent
partial hepatectomy, F344 rats were given 0 or 7.5 mg methylarsonic acid, dime-
thylarsinic acid or trimethylarsine oxide per kg body weight and day for 6 weeks
in the drinking water. In the liver, increased GST-P positive foci, 8-hydroxydeox-
yguanosine and CYP2B1 protein were formed by the three methylated arsenic com-
pounds (Nishikawa et al. 2002). In male F344/DuCrj rats, after initiation with
100 mg DEN/kg body weight, 80 mg MNU/kg body weight, 160 mg DMH/kg body
weight, 0.5% BBN in the drinking water (weeks 1 and 2), 0.1% DHPN in the drinking
water (weeks 3 and 4) and promotion with dimethylarsinic acid (from weeks 8 to
30), the frequency of early stages of carcinogenesis, such as changed foci and hyper-
plastic nodules was significantly increased, and the incidence of hepatocellular car-
cinomas was also significantly increased at dose levels of about 15 mg dimethylar-
sinic acid/kg body weight and day and above (Yamamoto et al. 1995, 1997).
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Kidneys

Initiation with 100 mg DEN/kg body weight, 80 mg MNU/kg body weight, 160 mg
DMH/kg body weight, 0.5% BBN in the drinking water, 0.1% DHPN in the drinking
water and promotion with dimethylarsinic acid significantly increased the inci-
dence of adenomas and renal cell carcinomas in male F344/DuCrj rats at dose levels
of about 15 mg dimethylarsinic acid/kg body weight and day and above (Yamamoto
etal. 1995, 1997).

When the foetuses of mice were exposed to sodium arsenite and later the male
offspring were given dimethylarsinic acid in the drinking water (14 mg/kg body
weight and day) for a further 104 weeks, considerably higher tumour incidences
were found than with dimethylarsinic acid alone or even with arsenite alone (Tokar
et al. 2012).

No substance-related significantly increased tumour incidences were found in the
nasal cavity, lungs, oesophagus, forestomach, intestine, thymus or skin of male
F344/DuCrj rats after initiation with DEN, MNU, DMH, BBN or DHPN and pro-
motion with dimethylarsinic acid doses in the drinking water of up to about
30 mg/kg body weight (Yamamoto et al. 1997).

Table 11 Initiation-promotion studies with methylarsenic compounds

Author: Yamamoto et al. 1995

Substance: dimethylarsinic acid (purity 99%)
Species: rat, F344/DuCrj, 12—-20 3 per group
Treatment: multiorgan test,

L. with pretreatment

initiation: 100 mg DEN/kg body weight (1 x i.p.),

+ 4 x 20 mg MNU/kg body weight (i.p.; on days 5, 8, 11 and 14),

+ 4 % 40 mg DMH/kg body weight (s. c.; on days 18, 22, 26 and 30),
simultaneously:

+ 0.5% BBN in the drinking water (weeks 1 and 2),

+ 0.1% DHPN in the drinking water (weeks 3 and 4),

2 weeks recovery,

+0, 50, 100, 200 or 400 mg dimethylarsinic acid/l drinking water (doses of
about 0, 3.75, 7.5, 15 or 30 mg dimethylarsinic acid/kg body weight and day)
(weeks 8-30);

I1. without pretreatment
+ 0, 100 or 400 mg dimethylarsinic acid/l drinking water (doses of about 0,
7.5 or 15 mg dimethylarsinic acid/kg body weight and day) (weeks 8—30)

Dose: pretreatment + about 0, 3.75, 7.5, 15 or 30 mg dimethylarsinic acid/kg body
weight and day
Duration: 32 weeks

Toxicity: no data
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Table 11 (continued)

Pretreatment + dimethylarsinic acid [mg/kg body weight and day]

0 about 3.75 about 7.5 about 15 about 30

Tumours and preneoplasms

Bladder

hyperplasia ~ 4/20 (20%) 13/20 (65%)** 14/19 (74%)*** 11/20 (55%)* 11/20 (55%)"
papillomas  1/20 (5%) 12/20 (60%)™* 12/19 (63%)™** 11/20 (55%)™** 7/20 (35%)"""
carcinomas  1/20 (5%) 10/20 (50%)** 11/19 (58%)*** 12/20 (60%)™** 13/20 (65%)"**
animals with  2/20 (10%) 17/20 (85%)*** 16/19 (84%)™** 17/20 (85%)** 16/20 (80%)***
tumours

Kidney

adenomas  1/20 (5%) 3/20(15%)  1/19 (5%)  7/20 (35%)*  3/20 (15%)
adenocarci-  0/20 (0%) 0/20 (0%)  2/19 (11%) 120 (5%)  7/20 (35%)

nomas

renal cell 1/20 (5%) 3/20 (15%)  2/19 (11%)  8/20 (40%)**  9/20 (45%)"
tumours

nephroblas-  4/20 (20%) 0/20 (0%)  4/19 (12%)  6/20 (30%)  9/20 (45%)
tomas

animals with  5/20 (25%) 3/20 (15%) 6/19 (32%) 13/20 (65%)" 13/20 (65%)"
tumours

Liver
changed foci 10/20 (50%) 12/20 (60%) 14/19 (74%) 19/20 (95%)™*  20/20 (100%)™*
hyperplastic  0/20 (0%) 0/20 (0%)  2/19 (11%) 9/20 (45%)***  7/20 (35%)**
nodules

hepatocellu- 0/20 (0%) 2/20 (10%) 0/20 (0%) 8/20 (40%)**  8/20 (40%)™*
lar

carcinomas

animals with  0/20 (0%) 2/20 (10%) 2/19 (11%) 17/20 (85%)*** 13/20 (65%)***
tumours

without pretreatment + dimethylarsinic acid, incidence of preneoplastic changes or tumours
not increased

The MAK Collection for Occupational Health and Safety 2018, Vol 3, No 2
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Table 11 (continued)

Author: Yamamoto et al. 1997

Substance: dimethylarsinic acid (purity 99%)
Species: rat, F344/DuCrj, 12-20 3 each
Treatment: multiorgan test,

L. with pretreatment

initiation: 100 mg DEN/kg body weight (1 x i.p.)

+ 4 x 20 mg MNU/kg body weight (i. p.; on days 5, 8, 11 and 14);

+ 4 x 40 mg DMH/kg body weight (s. c.; on days 18, 22, 26 and 30);
simultaneously:

+ 0.5% BBN in the drinking water (weeks 1 and 2);

+ 0.1% DHPN in the drinking water (weeks 3 and 4);

2 weeks recovery;

+ 0, 50, 100, 200 or 400 mg dimethylarsinic acid/l drinking water (doses
of about 0, 3.75, 7.5, 15 or 30 mg dimethylarsinic acid/kg body weight
and day) (weeks 8-30)

I1. without pretreatment

0, 100 or 400 mg dimethylarsinic acid/l drinking water (doses of about
0, 7.5 or 15 mg dimethylarsinic acid/kg body weight and day)

(weeks 8-30)

Dose: pretreatment + about 0, 3.75, 7.5, 15 or 30 mg dimethylarsinic acid/kg
body weight and day
Duration: 32 weeks

Pretreatment + dimethylarsinic acid [mg/kg body weight and day]

0 about 3.75  about 7.5 about 15 about 30
Tumours
Thyroid gland
tumours 3/20 (15%)  2/20 (10%)  8/20 (42%)  6/20 (30%)  9/20 (45%)*

dimethylarsinic acid with pretreatment:
no substance-related significantly increased tumour incidences in nasal cavity, lungs,
oesophagus, forestomach, intestines, thymus or skin

dimethylarsinic acid without pretreatment:
bladder: increased incidence of simple hyperplasia, incidence of preneoplastic changes or
tumours not increased

Author: Lietal 1998

Substance: dimethylarsinic acid (purity 99%)

Species: rat, NBR, 8 & each

Treatment: initiation: 0.5% BBN in the drinking water (4 weeks);

promotion: 0 or 100 mg dimethylarsinic acid/l drinking water (doses of
about 0 or 12.5 mg dimethylarsinic acid/kg body weight and day)

(weeks 5-32);

examination after 36 weeks

Dose: BBN + about 0 or 12.5 mg dimethylarsinic acid/kg body weight and day
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Table 11 (continued)

Duration: 36 weeks

Toxicity: -

BBN + dimethylarsinic acid [mg/kg body weight and day]

0 12.5
Tumours and preneoplasms of the bladder
simple 3/ 8 (38%) 8/ 8 (100%)*
hyperplasia
papillary or 0/ 8 (0%) 6/ 8 (75%)*"
nodular
hyperplasia
papillary 0/ 8 (0%) 3/ 8 (38%)
carcinomas
animals with 0/20 (0%) 2/20 (10%)
tumours
Author: Wanibuchi et al. 1996
Substance: dimethylarsinic acid (purity 99%)
Species: rat, F344, 20 & each
Treatment: initiation: 0.05% BBN in the drinking water (4 weeks);

promotion: 0, 2, 10, 25, 50 or 100 mg dimethylarsinic acid/l drinking
water (doses of about 0, 0.15, 0.75, 1.88, 3.75 or 7.5 mg dimethylarsinic
acid/kg body weight and day) (32 weeks);

examination after 34 weeks

Dose: BNN + about 0, 0.15, 0.75, 1.88, 3.75 or 7.5 mg dimethylarsinic acid/kg
body weight and day

Duration: 8 weeks

Toxicity: mortality: BBN + 1.88 mg dimethylarsinic acid/kg body weight and day
(1/20); without initiation + 7.5 mg dimethylarsinic acid/kg body weight
and day (1/12)

BBN + dimethylarsinic acid [mg/kg body weight and day]
0 0.75 1.88 3.75 7.5

Tumours and preneoplasms
Bladder

papillary or 14/20 (70%) 14/20 (70%) 18/20 (95%) 20/20 (100%)* 20/20 (100%)*
nodular

hyperplasia
papillomas 3/20 (15%)  7/20 (35%) 11/19 (58%)**  13/20 (65%)** 17/20 (85%)***
carcinomas 1/20 (5%) 3/20 (15%)  7/20 (35%)" 10/20 (50%)** 12/20 (60%)***

pretreatment with BBN and dimethylarsinic acid doses of about 0.15 mg/kg body weight and
day: incidence of hyperplasia, papillomas or carcinomas not increased;

without pretreatment with BBN: significant increase in the proliferation of cells of the surface
epithelium of the bladder, incidences of hyperplasia, papillomas or carcinomas not increased;
no other organs examined
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Table 11 (continued)

Author: Wanibuchi et al. 1997

Substance: dimethylarsinic acid (purity 99%)

Species: rat, F344, 10 & each

Treatment: initiation: 200 mg DEN/kg body weight (i. p.);
2 weeks recovery;
partial hepatectomy (PH);
promotion: 0, 25, 50 or 100 mg dimethylarsinic acid/l drinking water
(doses of about 0, 1.88, 3.75 or 7.5 mg dimethylarsinic acid/kg body weight
and day) (6 weeks);
without initiation, without PH + 100 mg dimethylarsinic acid/l drinking
water (doses of about 7.5 mg dimethylarsinic acid/kg body weight and day)
(6 weeks)
examination after 8 weeks

Dose: DEN + PH + about 0, 1.88, 3.75 or 7.5 mg dimethylarsinic acid/kg body
weight and day

Duration: 8 weeks

Mortality: DEN + PH + 3.75 (6/10) + 7.5 mg dimethylarsinic acid/kg body weight
(5/10)
DEN + PH + dimethylarsinic acid [mg/kg body weight]
0 1.88 3.75 7.5

Preneoplasms

Liver

number and size — 1 1 1*

of GST-P positive
foci

Author:

Substance:

Species:

Treatment:

Dose:

Duration:

Toxicity:

Nishikawa et al. 2002

methylarsonic acid (purity 99.9%),
dimethylarsinic acid (purity 99%) or
trimethylarsine oxide (purity 99.9%)
rat, F344, 20 & each

initiation: 200 mg DEN/kg body weight (i. p.);

2 weeks recovery;

partial hepatectomy;

promotion: 100 mg methylarsonic acid, dimethylarsinic acid or
trimethylarsine oxide/] drinking water (6 weeks)

DEN + about 0 or 7.5 mg methylarsenic compound/kg body weight and
day

8 weeks

methylarsonic acid and dimethylarsinic acid: body weights |, dimethylar-
sinic acid: drinking water consumption 1
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Table 11 (continued)

DEN + PH + methylarsenic compound [mg/kg body weight]

0

about 7.5

Liver

number and size
of GST-P positive
foci

8-OHdG
formation

CYP2B1 level

methylarsonic acid
dimethylarsinic acid
trimethylarsine oxide

methylarsonic acid
dimethylarsinic acid
trimethylarsine oxide

methylarsonic acid
dimethylarsinic acid
trimethylarsine oxide

*®

*®

=T A

_ .
- 1 not significant
- 1 not significant

Author:
Substance:
Species:

Treatment:

Dose:
Duration:

Toxicity:

Johansen et al. 1984

dimethylarsinic acid (purity not specified)

rat, Wistar, 7-11 & each

partial hepatectomy;

initiation: 30 mg DEN/kg body weight (i. p.);

7 days recovery;

promotion: 80 mg dimethylarsinic acid/l drinking water (6 months)

DEN + 0 or 3.8 + 0.5 mg dimethylarsinic acid/kg body weight and day

6 or 10 months

no data

After treatment with dimethylarsinic acid for 6 months:

DEN + PH + dimethylarsinic acid [mg/1]

0 80
Kidney
adenomas or 2/11 (29%) 3/7 (42%)
carcinomas
Liver
foci
(mean number)
eosinophilic 0.79 £ 0.32 1.38 +£ 0.49
basophilic 0.82 + 0.33 2.29 + 0.68"
nodules
neoplastic - 0.14 £ 0.14

After treatment with dimethylarsinic acid for 10 months:

DEN + PH + dimethylarsinic acid [mg/1]

0

80

Liver

carcinomas

no data

2/13 (15%)
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Table 11 (continued)

571

without pretreatment + dimethylarsinic acid: incidence of preneoplastic changes or
tumours not increased

Author: Tokar et al. 2012
Substance: dimethylarsinic acid (purity 98%)
Species: mouse, CD1, 50 & control animals, 23 & treated animals
Treatment: dams: 0 or 25 mg sodium arsenite/l drinking water
promotion: 0 or 200 mg dimethylarsinic acid/l drinking water
Dose: about 0 or 14 mg dimethylarsinic acid/kg body weight and day
Duration: dams: GD 8-18
3 offspring after weaning: 104 weeks
Toxicity: -
Arsenite + dimethylarsinic acid [mg/kg body weight and day]
0 14
Survivors no difference between untreated and treated animals

Tumours and preneoplasms

Lung
adenocarcino- @& 3/49 (6%) 8/23 (35%)*
mas
Liver
carcinomas 3 3/49 (6%) 10/23 (43%)*
Bladder
hyperplasia 3 1/49 (2%) 8/23 (35%)*
Kidney
hyperplasia 3 0/49 (0%) 4/23 (17%)*
carcinomas 3 0/49 (0%) 3/23 (13%)*
Adrenal gland
(cortex)
adenomas 3 0/49 (0%) 11/23 (48%)"

*p < 0.05, **p < 0.01, “**p < 0.001

BBN: N-butyl-N-(4-hydroxybutyl)-nitrosamine, DEN: diethylnitrosamine, DHPN: N-bis(2-hy-
droxypropyl)nitrosamine, DMH: 1,2-dimethylhydrazine, MNU: N-methyl-N-nitrosourea, PH =

partial hepatectomy

Summary:

In various initiation—promotion studies with male rats and mice, the investigated
methylated arsenic compounds caused preneoplastic changes or tumours in the
bladder, liver, kidneys or lungs but not in the oesophagus, forestomach, intestines
and thymus. Therefore, the methylated arsenic compounds are considered to be

tumour promotors.
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5.7.2 Long-term studies

Carcinogenicity studies (see Table 12) revealed that methylarsonic acid adminis-
tered to rats with the drinking water caused a significantly increased incidence of
simple hyperplasia in the bladder at methylarsonic acid doses of 2 mg/kg body
weight and day and above. In the liver, the numbers and size of glutathione S-trans-
ferase placental form positive foci were significantly increased at methylarsonic acid
doses of 8 mg/kg body weight and day (Shen et al. 2003 a). In rats, dimethylarsinic
acid administered with the diet or the drinking water led to a significant increase in
the incidence of simple (dimethylarsinic acid doses of 2 mg/kg body weight and
above) or papillary and nodular hyperplasia (doses of 5 mg/kg body weight and
above) (Arnold et al. 2006), papillomas (doses of 10 mg/kg body weight and above)
(Wei et al. 1999) and carcinomas (doses of 5 mg/kg body weight and above) in the
bladder (Arnold et al. 2006; Wei et al. 1999). In the liver of rats, trimethylarsine
oxide (doses of 8 mg/kg body weight) administered with the drinking water caused
a significant increase in hepatocellular adenomas (Shen et al. 2003 b).

Table 12 Studies of the carcinogenicity of methylarsenic compounds in rats

Author: Shen et al. 2003 a

Substance: methylarsonic acid (purity 98.9%—-100%)

Species: rat, F344/N, 60 8 and 60 Q each

Administration route: 0, 50 or 200 mg methylarsonic acid/l drinking water

Dose: about 0, 2 or 8 mg methylarsonic acid/kg body weight and
day

Duration: 104 weeks

Toxicity: -

Survivors no difference between untreated and treated animals

Preneoplasms
Bladder

hyperplasia

simple 3 4/42 (10%) 18/42 (43%)™"* 19/45 (42%)***
Liver

GST-P foci 3

number/cm? 3 126 16.6 22.9%

size [mm?/cm?] 3 0.4 0.9 1.9*

no other significant differences in the tumour incidences between treated and untreated
animals

The MAK Collection for Occupational Health and Safety 2018, Vol 3, No 2



Table 12 (continued)

Methylarsenic compounds 573

Author:
Substance:
Species:

Administration route:

Wei et al. 1999, 2002

dimethylarsinic acid (purity 99%)

rat, F344, 36 & each

0, 12.5, 50 or 200 mg dimethylarsinic acid/l drinking water

Dose: about 0, 0.6, 2.5 or 10 mg dimethylarsinic acid/kg body weight
Duration: 104 weeks
Toxicity: 2.5 mg/kg body weight and above: drinking water intake 1
Dimethylarsinic acid [mg/kg body welght andday] ---------------------------
0 0.6 2.5 10
Survivors
97 weeks 28/36 (78%) 33/36 (92%) 31/36 (86%) 31/36 (86%)
104 weeks 25/36 (69%) 28/36 (78%) 28/36 (78%) 24/36 (67%)

Tumours and preneoplasms

Bladder
hyperplasia
papillomas

carcinomas

0/28 (0%)
0/28 (0%)
0/28 (0%)

(12/31) (39%)™**
(2/31) (6%)
(6/31) (19%)*

0/33 (0%)
0/33 (0%)
0/33 (0%)

(14/31) (45%)***
(2/31) (6%)
(12/31) (39%)***

no other organs examined

Author:

Substance:

Species:
Administration route:

Dose:

Duration:

Toxicity:

Arnold et al. 2006; Cohen et al. 2007

dimethylarsinic acid (purity 98.9%-100%)

rat, F344/N, 60 & and 60 Q each

0, 2, 10, 40 or 100 mg dimethylarsinic acid/kg diet

about 0, 0.1, 0.5, 2 or 5 mg dimethylarsinic acid/kg body weight and
day

104 weeks

about 0.1 mg/kg body weight and above: drinking water intake 1,
(Q): relative adrenal weights 1;

about 2 mg/kg body weight and above: bladder: submucosal
lymphocytic infiltration (8) and urothelial vacuolar degeneration ();
kidney: calcinosis (medulla);

about 5 mg/kg body weight and above: kidney: tubular cystic
dilation (medulla), necrosis (papilla); thyroid: size of follicular cells 1

Dimethylarsinic acid [mg/kg body weight and day]
0 0.1 0.5 2 5

Survivors
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Table 12 (continued)

Tumours and preneoplasms

Bladder
hyperplasia
simple 3 0/60(0%) 0/59 (0%) 0/60 (0%) 4/58 (7%)  35/59 (59%)***
? 0/60 (0%) 0/59 (0%) 0/60 (0%) 28/59 (47%)*** 40/60 (67%)***
papillary/nodular 3 0/60(0%) 0/59 (0%) 0/60 (0%) 2/58 (3%) 5/59 (8%)"
Q@ 0/60(0%) 1/59 (2%) 0/60 (0%) 1/59 (2%) 8/60 (13%)™*
papillomas &  0/60(0%) 0/59 (0%) 1/60 (2%) 1/58 (2%) 0/59 (0%)
Q@ 0/60(0%) 0/59 (0%) 0/60 (0%) 0/59 (0%) 4/60 (7%)
carcinomas 3 0/60 (0%) 1/59 (2%) 0/60 (0%) 0/58 (0%) 2/59 (3%)
Q  0/60(0%) 0/59 (0%) 0/60 (0%) 0/59 (0%) 6/60 (10%)*
papillomas and 3  0/60(0%) 1/59 (2%) 0/60 (0%) 1/58 (2%) 2/59 (3%)
carcinomas Q  0/60(0%) 0/59 (0%) 0/60 (0%) 0/59 (0%)  10/60 (17%)
Author: Shen et al. 2003 b
Substance: trimethylarsine oxide (purity 98.9%-100%)
Species: rat, F344/N, 42-45 & each
Administration route: 0, 50 or 200 mg trimethylarsine oxide/l drinking water
Dose: about 0, 2 or 8 mg trimethylarsine oxide/kg body weight and day
Duration: 104 weeks
Toxicity: -
------ Trimethylarsine oxide [mg/kg body weight and day]
0 2 8
Survivm:;““ no difference between untreated and treated animals
Tumoul:;m
Liver
hepatocellular 3  6/42(9%) 10/42 (14%) 16/45 (24%)*
adenomas

no other significant differences in tumour incidences between treated and untreated animals

*p <0.05; *p < 0.01; ***p < 0.001; GST-P = placental form of glutathione S-transferase

Mice seem to be less sensitive to organic arsenic compounds than rats (see Table 13).
When administered with the diet, dimethylarsinic acid significantly increased the
incidence of fibrosarcomas in female mice given dimethylarsinic acid doses of
62.5 mg/kg body weight and day (Arnold et al. 2006).
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Table 13 Studies of the carcinogenicity of methylarsenic compounds in mice

Author: Salim et al. 2003

Substance: dimethylarsinic acid (purity 100%)

Species: mice, C57/6] wild-type or p53*~ knockout, 30 3 each
Administration route: 0, 50 or 200 mg dimethylarsinic acid/l drinking water

Dose: 0, 3.5 or 14 mg dimethylarsinic acid/kg body weight and day
Duration: 18 months

Toxicity: -

Dimethylarsinic acid [mg/kg body weight and day]
C57/6] wild-type 0 3.5 14
malignant lymphomas 3/30 (10%) 9/30 (30%)? 9/30 (30%)?

induction of malignant lymphomas in treated C57/6] wild-type and p53*/~ knockout mice,
incidence significantly increased only in the middle period of the study, at the end of the study
the incidence was increased (p = 0.05) only in wild-type mice

Author: Arnold et al. 2006
Substance: dimethylarsinic acid (purity 98.9%—100%)
Species: mice, B6C3F1, 60 & and 60 Q@ each
Administration route: 0, 8, 40, 200 or 500 mg dimethylarsinic acid/kg diet
Dose: about 0, 1, 5, 25 or 62.5 mg dimethylarsinic acid/kg body
weight and day
Duration: 104 weeks
Toxicity: -
) Dimethylarsinic acid [mg/kg body weight and day]
0 about1l  about5  about25 about62.5
Survivors no difference between untreated and treated animals
Tumours
fibromas 0/56 (0%) 0/56 (0%) 0/56 (0%) 0/56 (0%) 1/56 (2%)
0/56 (0%) 0/55(0%) 0/56 (0%) 0/56 (0%) 0/56 (0%)
fibrosarcomas %

3/56 (5%) 0/55(0%) 1/56 (2%) 1/56 (2%
0/56 (0%) 0/56 (0%) 2/56 (4%) 4/56 (7%

6/56 (11%)*

( (0%) (
( (0%) (
0/56 (0%) 0/56 (0%) 2/56 (4%) 4/56 (7
( (0%) (
( (0%) ( 2/56 (4%)

)
)
) 1/56 (2%)
)
)

o 0 O 0 O

fibromas and
fibrosarcomas

@ 3/56(5%) 0/55(0%) 1/56(2%) 1/56(2%) 6/56 (11%)*
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Table 13 (continued)

Author: Tokar et al. 2012
Substance: dimethylarsinic acid (purity 98%)
Species: mice, CD1, 50 & control animals, 25 @ treated animals

Administration route: 0 or 200 mg dimethylarsinic acid/l drinking water

Dose: about 0 or 14 mg dimethylarsinic acid/kg body weight and day
Duration: dams: GD 8-18
& offspring after weaning: 104 weeks
Toxicity: -
Dimethylarsinic acid [mg/kg body weight and day]
0 14
Survivors no difference between untreated and treated animals

Tumours and preneoplasms

Lung

adenocarcinomas 3 3/49 (6%) 6/25 (24%)*
Bladder

hyperplasia 3 1/49 (2%) 8/25 (32%)*

Adrenal gland (cortex)
adenomas 3 0/49 (0%) 6/25 (24%)*

9 p = 0.056; *p < 0.05; “*p < 0.01

In a pesticide screening test in which groups of 18 male and 18 female
(C57BL/6 x C3H/Anf) mice were given dimethylarsinic acid doses of 46.4 mg/kg
body weight with the diet for about 18 months, no increase in tumour incidences
was found (Innes et al. 1969). Because of the low number of animals, the short ex-
posure duration and the inadequate documentation, this study cannot be used to
evaluate the carcinogenicity of dimethylarsinic acid.

In a drinking water study, in which male CD1 mice were first exposed to dimethyl-
arsinic acid in utero and after weaning were then given the substance with the
drinking water for a further 104 weeks, doses of about 14 mg dimethylarsinic
acid/kg body weight and day led to a significant increase in the incidences of adeno-
carcinomas in the lung, hyperplasia in the bladder and adenomas in the adrenal
cortex (Tokar et al. 2012). As, however, this route of administration has no rele-
vance for exposure at the workplace, the study cannot be used to evaluate the car-
cinogenicity of dimethylarsinic acid.

Summary:

After the administration of dimethylarsinic acid, clear carcinogenic effects were
found in the bladder of rats, with significantly increased incidences of hyperplasia,
nodules and carcinomas in the females at 5 mg/kg body weight and day. In another
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study, the incidence of carcinomas in the bladder was significantly increased in
males after doses of 2.5 mg/kg body weight and day and above. Trimethylarsine
oxide administered with the drinking water caused a significant increase in liver
adenomas in male F344 rats after doses of about 8 mg/kg body weight for two years.
With methylarsonic acid only preneoplastic stages of carcinogenesis were found in
the liver in the form of hyperplasia at 2 mg/kg body weight and day and above or
GST-P positive foci at 8 mg/kg body weight and day.

Dimethylarsinic acid was carcinogenic also in mice. In a 2-year study with dietary
administration, the incidence of fibrosarcomas (no other details) was significantly
increased in female mice after dimethylarsinic acid doses of 62.5 mg/kg body weight
and day.

6 Manifesto (MAK value/classification)

Methylarsenic compounds are the carcinogenic metabolites of arsenic and its inor-
ganic compounds. Arsenic and inorganic arsenic compounds are proven human
carcinogens causing tumours in the lung, bladder, kidneys and skin. Arsenite and its
methylated metabolites are the active agents.

Carcinogenicity. In two animal studies, the metabolite dimethylarsinic acid was
found to be clearly carcinogenic. This effect was not seen in other studies. In the
only available study, trimethylarsine oxide caused liver adenomas, and with methyl-
arsonic acid only preneoplastic stages of carcinogenesis, such as hyperplasia and
preneoplastic foci were found. In the few animal studies of the carcinogenicity of
inorganic arsenic compounds, most of which were not carried out in accordance
with present-day requirements, carcinogenic effects were likewise not unequivocal-
ly demonstrated.

Methylated arsenic compounds—which are metabolites of inorganic arsenic com-
pounds, which are carcinogenic in humans—are able to interfere with all important
cellular processes; they produce genotoxic effects in vitro and in animal studies,
impair cellular redox homoeostasis, interact for example with DNA and RNA, dis-
turb genomic stability and via protein-protein interactions affect replication, tran-
scription and DNA repair processes and also impair regulatory mechanisms of the
cell cycle, apoptosis and signal transduction. The induction of carcinogenic mecha-
nisms is easily comprehensible in view of these different effects. As, in addition,
significantly increased incidences of kidney and bladder carcinomas have been
found in rats, methylarsenic compounds are classified in Carcinogen Category 1.

Germ cell mutagenicity. Methylarsenic compounds are genotoxic in vitro and in
animal studies. Methylarsenic compounds are bioavailable and reach the germ cells
as demonstrated by the effects on the testes and ovaries in rats. The methylarsenic
compounds are therefore classified in category 3A for germ cell mutagens.

Absorption through the skin. In studies with repeated dermal application,
methylarsonic acid and dimethylarsinic acid produced weak systemic effects. Ab-
sorption through the skin from highly diluted solutions was demonstrated in vitro
with human and mouse skin. The ready and very ready dermal absorption of satu-
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rated solutions of methylarsonic acid and dimethylarsinic acid, respectively, is con-
firmed by the results obtained from model calculations. Methylarsenic compounds
are genotoxic carcinogens, for which no safe systemic exposure can be estimated.
For this reason it must be assumed that even small amounts absorbed percutane-
ously increase the carcinogenic risk. The methylarsenic compounds are therefore
designated with an “H” (for substances which can be absorbed through the skin in
toxicologically relevant amounts).

MAK value and peak limitation. A MAK value cannot be derived on the basis of
the available data. Peak limitation is therefore not applicable.

Prenatal toxicity. Dimethylarsinic acid has been demonstrated to be the most
effective of the methylarsenic compounds. In rats, dimethylarsinic acid caused
pre-implantation losses at 12 mg/kg body weight and day, and post-implantation
losses, skeletal variations and delayed ossification at 36 mg/kg body weight and day
and above. The NOAEL is 4 mg dimethylarsinic acid/kg body weight and day. As no
MAK value can be derived, the substance is not classified in one of the pregnancy
risk groups.

Sensitization. Apart from a well-documented case report, there are no clear
findings available for the skin-sensitizing potential of methylarsenic compounds in
humans. Animal studies or studies of the immunological effects on the airways are
not available. The methylarsenic compounds are therefore not designated with “Sh”
or “Sa” (for substances which cause sensitization of the skin or airways).
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